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In brief

Persaud et al. have shown that the
sponge natural product clionamines
activate autophagy, inhibit Mtb in
macrophages, and target the PI4 kinase
Pik1 in yeast. siRNA knockdown of
PI4KB, a human homolog of Pik1,
inhibited Mtb survival in macrophages,
identifying PI4KB as an unexploited
target for HDT drugs to treat tuberculosis.
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SUMMARY

The pathogen Mycobacterium tuberculosis (Mtb) evades the innate immune system by interfering with auto-
phagy and phagosomal maturation in macrophages, and, as a result, small molecule stimulation of auto-
phagy represents a host-directed therapeutics (HDTs) approach for treatment of tuberculosis (TB). Here
we show the marine natural product clionamines activate autophagy and inhibit Mtb survival in macro-
phages. A yeast chemical-genetics approach identified Pik1 as target protein of the clionamines. Biotinylated
clionamine B pulled down Pik1 from yeast cell lysates and a clionamine analog inhibited phosphatidyl 4-
phosphate (PI4P) production in yeast Golgi membranes. Chemical-genetic profiles of clionamines and
cationic amphiphilic drugs (CADs) are closely related, linking the clionamine mode of action to co-localization
with PI4P in a vesicular compartment. Small interfering RNA (siRNA) knockdown of PI4KB, a human homolog
of Pik1, inhibited the survival of Mtb in macrophages, identifying PI4KB as an unexploited molecular target for
efforts to develop HDT drugs for treatment of TB.

INTRODUCTION

Tuberculosis (TB) resulting from infection with Mycobacterium
tuberculosis (Mtb) is the world’s leading cause of death from
an infectious bacterial disease (World Health Organization,
2020). The World Health Organization reported that in 2018 there
were an estimated 10 million new TB cases diagnosed and 1.5
million TB deaths worldwide, along with a significant increase
in reported cases of multidrug-resistant TB (MDR-TB). Most
people infected with Mtb initially develop asymptomatic infec-
tion (latent TB), which can emerge many years later and progress
to an active disease state, often with a lethal outcome (Chee
et al.,, 2018). There is an urgent need to find new approaches
to treating MDR-TB and latent TB infections that are not respon-
sive to current antimycobacterial chemotherapy treatment regi-
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mens (Young et al., 2020; Dheda et al., 2017). Development of
host-directed therapeutics (HDT) aimed at activating the xen-
ophagy (selective autophagy) component of the innate immune
system represents a promising approach to providing drugs to
counter the dual threat of MDR and latent TB infections (Gupta
et al., 2016; Zumla et al., 2016; Kim et al., 2019; Kimmey and
Stallings, 2016; Kaufmann et al.,, 2018; Wallis and Hafner,
2015; Paik et al., 2019; Sharma et al., 2018; Machelart
etal., 2017).

The primary site of Mtb infections are the circulating alveolar
macrophage cells. This route of infection exposes Mtb to xenoph-
agy, the selective autophagy mechanism that human cells utilize
to destroy invading viral and bacterial pathogens (Levine et al.,
2011; Kim et al., 2019; Kimmey and Stallings, 2016). To counter
this threat, Mtb has developed ways to thwart xenophagy,
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allowing it to reside and multiply inside macrophages. Xenophagy
in Mtb-infected macrophages starts with formation of an isolation
membrane that elongates to a phagophore used to capture the
Mtb bacterial cargo (Lamb et al., 2013). The phagophore subse-
quently grows and matures into an autophagosome that
completely engulfs an Mtb cell before fusing with a lysosome to
access the enzymes used to degrade and kill the captured cells.
Yeast genomic studies have shown that at least 35 autophagy-
related (Atg) genes are involved in the regulation of the complex
biology of canonical and selective autophagy (Mizushima
etal., 2011).

The processes of inhibiting phagocytosis/autophagy/xenoph-
agy and the maturation of autophagosomes by Mtb effectors is
well studied. We have shown that an Mtb-secreted tyrosine
phosphatase PtpA inhibits the phagosome-lysosome fusion by
dephosphorylating vacuolar protein sorting 33B (VPS33B),
which is the regulator of membrane fusion (Bach et al., 2008).
PtpA also alters the V-ATPase machinery on the phagosome,
preventing its maturation (Wong et al., 2011). Others have shown
that the Enhanced Intracellular Survival (EIS) protein of Mtb in-
hibits autophagy by mediating the AKT/mTOR pathway via acti-
vation of IL-10 (Duan et al., 2016).

A phosphatidylinositol 3-kinase (PI3K) complex consisting of
Atg14L, BECLIN1, VPS15, and the kinase VPS34 produces
phosphatidylinositol 3-phosphate (PI3P) in the phagophore,
which is essential for maturation of the phagophore into an auto-
phagosome in xenophagy (Fratti et al., 2001). Mtb cells captured
in the macrophage phagophore release a glycosylated phospha-
tidylinositol (mannose-capped lipoarabinomannan [LAM]) to
inhibit PI3P formation by the kinase VPS34 (Kang et al., 2005;
Fratti et al., 20083; Vergne et al., 2003) and the PI3P phosphatase
SapM (Saleh and Belisle, 2000; Vergne et al., 2005) to remove
any residual PI3P that escapes the LAM inhibition of VPS34 (De-
retic et al., 2006). This highly effective two-pronged approach to
removing PI3P from the macrophage Mtb phagosome prevents
its maturation into an autophagosome, allowing Mtb to escape
xenophagy destruction and colonize the macrophages, support-
ing its pathogenicity.

The increase in our understanding of how Mtb evades the
innate immune system by blocking xenophagy has prompted re-
searchers to explore the potential of overcoming the immune
block via small molecule stimulation of autophagy as a stand-
alone or adjunct HDT approach to treatment of TB infections.
A common feature of many of these studies has been the evalu-
ation of known drugs that could be repurposed as autophagy
activators. An important study showed that the mechanism of
action of the frontline TB drugs isoniazid and pyrazinamide
involved both direct antimycobacterial activity and autophagy
stimulation (Kim et al., 2012). We found that the antiprotozoal
drug nitazoxanide also inhibited Mtb survival in human macro-
phage THP-1 cells by combined antimycobacterial and auto-
phagy-stimulating effects (Lam et al., 2012; NIH, 2016). Other
examples of compounds able to inhibit the survival of Mtb in
macrophages via autophagy stimulation include the antidiarrheal
drug loperamide (Juarez et al., 2016); the antidepressant drug
fluoxetine (Stanley et al., 2014); the anti-leukemia drug ibrutinib
(Hu et al., 2020); the expectorant ambroxol, used in the treatment
of respiratory diseases (Choi et al., 2018); the SMERS (Small
Molecule Enhancers of Rapamycin) 10, 18, and 28 (Floto et al.,
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2007); the herbal medicine baicalin (Zhang et al., 2017); and
the plant natural product pasakbumin A (Lee et al., 2019).

As part of a program designed to find marine natural product
modulators of autophagy and identify their protein targets, we
discovered that clionamines A (1) and B (2) (Figure 1) isolated
from the South African sponge Cliona celata were effective stim-
ulators of autophagy and autophagic flux in human breast
cancer MCF7 cells (Keyzers et al., 2008). The potential of auto-
phagy-stimulating compounds to reduce survival of Mtb in mac-
rophages as described above prompted us to investigate the
ability of the clionamines to inhibit Mtb survival in THP-1 macro-
phages. Since the amount of natural clionamines available for
these studies was very small, a synthesis of clionamine B (2)
was undertaken in order to provide sufficient material for further
biological evaluation (Forestieiri et al., 2013). Described below
are the details of a structure activity relationship (SAR) analysis
of the autophagy-activating properties of synthetic clionamine
analogs; the effectiveness of clionamines at inhibiting Mtb sur-
vival in THP-1 macrophages; the identification of a cellular target
of the most effective autophagy-stimulating synthetic analog
RP-3-161 (5) and the natural product clionamine B; the relation-
ship of the bioactivity profile of the clionamines to NPE71, a com-
pound with cationic amphiphilic drug (CAD) characteristics; and
a small interfering RNA (siRNA) knockdown study of the putative
clionamine target in macrophages.

RESULTS

Inhibition of Mtb survival in THP-1 macrophages by
clionamines A (1) and B (2)

Prior to the synthesis of clionamine analogs, we examined the
ability of the autophagy-activating natural product clionamine
A (1) and synthetic clionamine B (2) (Forestieiri et al., 2013) to
inhibit the survival of Mtb in macrophages. The assay uses an
Mtb H37Ruv strain expressing a luciferase reporter gene. Lumi-
nescence produced upon addition of luciferin is an indication
of the total amount of luciferase expressed by the Mtb and can
be used as an indication of the metabolic status of the Mtb inside
the cell. Clionamine A (1) and clionamine B (2) both inhibited Mtb
survival in human macrophages at single-digit micromolar
concentrations (Figure 2) (MICsgs [minimum inhibitory concen-
trations required to inhibit the growth of 50% of organisms])
clionamine A [1] = 7 uM; clionamine B [2] = 8 uM) that were in
the same concentration range that stimulated autophagy in hu-
man MCF-7 breast cancer cells (Keyzers et al., 2008; Forestieiri
et al., 2013). Neither clionamine A nor B showed significant cyto-
toxicity to THP-1 macrophages at their MICsgs.

Synthesis of clionamine analogs for SAR analysis

Before starting on an extensive SAR study, we first prepared
N-acetyl clionamine (3) and 3-aminochloestane (4) (Figure 1) to
explore the requirement for a C-3 primary amine and the E ring
a-hydroxy-y-lactone substructures of clionamine A (1) for auto-
phagy activation. Neither 3 nor 4 showed any autophagy activation
inthe MCF-7 cell-based screening assay, suggesting that both the
C-3 primary amine functionality and the E ring y-lactone moieties
are required parts of the clionamine autophagy-activating phar-
macophore and, therefore, that there was a reasonable probability
of clionamines binding to a unique protein molecular target.
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Figure 1. Marine natural product clionamines and a library of synthetic clionamine analogs

The goal of the analog study was to explore the role of the
various substructures in the clionamine autophagy-stimulating
pharmacophore with the aim of generating an analog that was
synthetically accessible in quantities required for additional bio-
logical evaluation and ideally more potent and/or efficacious
than the natural products clionamine A (1) and B (2). Toward
this end, we examined the effect of scaffold changes at the C-
3 primary amine, the C-5 configuration, the C-20 hydroxyl, and
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the C-20 alkyl side chain substituents. Making the analogs
required an efficient synthetic route. Our published synthesis
of clionamine B (2) (Forestieiri et al., 2013) provided a flexible
route to making the desired scaffold analogs and a subsequent
report of the synthesis of clionamine D (Wang et al., 2014) re-
vealed a more efficient methodology for constructing a key
a-methylene lactone intermediate. Our optimized second-gen-
eration synthetic route to clionamine B (2) (Scheme S1)
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Figure 2. Natural clionamine A (1) [ClioA] and synthetic clionamine B (2) inhibit survival of Mtb in human THP-1 macrophages

The intracellular survival of Mtb was measured using a luciferase assay. Data were normalized using DMSO as a negative control, corresponding to 100%
bacterial growth, and 20 uM rifampicin as a positive control, corresponding to 100% inhibition of bacterial growth. THP-1 survival was measured using an MTT
assay. Data were normalized to DMSO as a negative control corresponding to 100% THP-1 survival and represent the mean + SEM. Non-linear regression was
used to fit the data of the log (inhibitor) versus response (variable slope) curve using GraphPad Prism analysis software.

(A) Clionamine A (1) inhibition of Mtb in THP-1 macrophages. (3 mg/mL = 6.7 mM), n = 3.

(B) Clionamine B (2) inhibition of Mtb in THP-1 macrophages, n = 3.
(C) THP-1 survival when treated with clionamine B (2), n = 3.

combines elements of both published syntheses of clionamines.
The small library of clionamine analogs shown in Figure 1 was
prepared by making minor modifications to the optimized syn-
thetic route to clionamine B (2).

Autophagy activation assays
The synthetic analogs 5 to 17 shown in Figure 1 along with the
natural product clionamine A (1) were tested for their ability to
activate autophagy in a cell-based assay designed to detect
modulators of autophagosome accumulation. This assay uses
human breast cancer MCF7 cells transfected with a plasmid
for expressing GFP-LC3 (Green Fluorescent Protein-Light Chain
3) (Balgi et al., 2009). LC3 is known to be recruited to the mem-
branes of autophagosomes when autophagy is stimulated.
Therefore, a positive indication of autophagy stimulation is the
appearance of green fluorescent dots (puncta) upon incubating
cells expressing the autophagic marker GFP-LC3 for a period
of time with a small molecule compound. Quantification of the
degree of stimulation of autophagy is carried out using fluores-
cence microscopy to measure punctate GFP-LC3 fluorescence.
Compounds were tested in two batches (see Figures S1and S2
in supplemental information) based on the time period separating
the preparation of the first group of analogs 5 to 14, and the sec-
ond group of analogs 15 to 17. The most potent analog RP-3-161
(5) from the first batch was used as a positive control in the sec-
ond batch to capture the relative potencies of the first group and
the second group. Five of the analogs, 2.5.4 (5), 2.3.4 (6), 2.3.6 (7),
2.5.1 (8), and 2.5.5 (10), showed strong punctate fluorescence
accumulation at 10 ng/mL (Figures S1 and S2). Analogs 2.5.6
9), 2.7.5 (11), 2.10.1 (12), 2.9.4a (13), 3.3.3 (15), 3.2.7 (16), and
3.3.5(17), and as well as clionamine A (1), showed relatively little
punctate fluorescence accumulation in comparison with the five
active compounds. The punctate fluorescence accumulation
data at 10 pg/mL revealed that either § or o C-5 configuration
gave strong activity (i.e., 2.3.4 [6] and 2.5.5 [10]; 2.3.6 [7], and
2.5.1 [8]), that the C-21 OH was not essential for strong activity
(i.e.,2.5.4[5] versus 2.5.5[10]), and that a short methyl side chain,

even in the o configuration, was sufficient for strong activity (i.e.,
2.3.6[7]and 2.5.1[8]). It was also clear that a C-3 benzyl amine, as
found in all of the strongly active analogs (2.5.4 [5], 2.3.4 [6], 2.3.6
[7], 2.5.1 [8], and 2.5.5 [10]), was superior to a C-3 free amine
(2.5.6[9] and clionamine A[1]). Interestingly, the relatively inactive
analogs 2.7.5 (11), 2.10.1 (12), 2.9.4a (13), 3.3.3 (15), 3.2.7 (16),
and 3.3.5 (17) all have the unnatural C-20 « side chain configura-
tion, which may be the detrimental factor. A C-20 methyl side
chain in the o configuration in the strongly active compounds
2.3.6 (7) and 2.5.1 (8) is presumably too small to generate the
negative steric interaction responsible for the relative inactivity
observed for analogs with larger C-20 side chains in the a. config-
uration. The data (Figure S1) show that RP-3-161 (2.5.4 [5])
gave a clear dose-response curve in the concentration range of
1-10 pg/mL, gave the strongest response of all of the analogs
at 3 png/mL, and was more efficacious than clionamine A (1) at
all concentrations.

Several of the potent (2.5.4 [5], 2.3.4 [6], 2.3.6 [7], 2.5.5 [10])
and weakly active (2.7.5 [11], 2.10.1 [12]) analogs identified
from the data were next evaluated for their ability to generate au-
tophagic flux. Autophagic flux refers to the entire process of
autophagy, which includes autophagosome formation, matura-
tion, fusion with lysosomes, and subsequent breakdown and
release of macromolecules back into the cytosol. When auto-
phagic flux is increased by an autophagy stimulator, the LC3
segment of GFP-LC3 is degraded, but the GFP portion is more
resistant to proteolysis and appears as a lower-molecular-
weight band. Figure 3A shows that the positive control rapamy-
cin and RP-3-161 (2.5.4 [5]) show similar significant autophagic
flux consistent with autophagy stimulation, while the other ana-
logs that were tested showed minimal or no autophagic flux at
10 pg/mL.

RP-3-161 (5) inhibition of intracellular survival of Mtb in
human macrophage

Aside from inducing autophagic flux, RP-3-161 (2.5.4 [5]) also in-
hibits Mtb survival in THP-1 macrophage cells (Figure 3B) with an
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Figure 3. Biological activities of RP-3-161 (5)

(A) Automated capillary electrophoresis western analysis showing stimulation of autophagic flux in MCF7 human breast cancer cells by the synthetic clionamine
analog RP-3-161 (5). Rapamycin was used as a positive control. The molecular weight marker lane is shown at the left.

(B) Dose-response curve of RP-3.161 (5). THP-1 cells infected with Mtb expressing the luciferase gene were treated with increasing concentrations of RP-3-161
(5), Data represent the mean + SEM, n = 4. Non-linear regression was used to fit the data of the log (inhibitor) versus response (variable slope) curve using
GraphPad Prism analysis software.

(C) THP-1 survival was measured using an MTT assay. Data represent the mean + SEM ,n = 6. Non-linear regression was similarly used to fit the data as above.
(D-G) Predicting the targets of RP-3-161 using chemical genomics. Chemical genetic profiles for RP-3-161 were obtained using several S. cerevisiae mutant li-
braries. The relative abundances of each mutant were quantified after pooled growth in the presence of various compound concentrations. Profiles at concentrations
that showed the best separation between outlier chemical genetic interactions and the mean Z score for all interactions in the profile were selected. (D) A diagnostic
set profile from a library of 310 non-essential gene deletion mutants that are representative of major biological functions was obtained at 1 ng/mL. (E) A TS mutant
profile from a library of 1,181 temperature-sensitive mutants for yeast genes that are essential for viability was obtained at a screening concentration of 3 ng/mL
(1C22). (F) AHET mutant profile from a library of 968 HET diploid mutants for essential genes was obtained at screening concentration of 10 ng/mL (IC76). (G) A MoBY

overexpression profile from a library of 960 strains that overexpress essential genes was obtained at a screening concentration of 2 ug/mL (IC93).

MICsq (=6-8 uM) comparable with clionamines A (1) and B (2)
(Figure 2), showing that RP-3-161 is a potent analog that has
anti-Mtb and autophagy-stimulating activities similar to the orig-
inal natural product clionamines.

Identification of RP-3-161’s (5) cellular target using
yeast haploinsufficiency screening

RP-3-161 (2.5.4 [5]) was the most effective synthetic analog
stimulator of MCF-7 GFP-LC3 punctate fluorescence accumula-
tion at 3 and 10 pg/mL (Figures S1 and S2, supplemental infor-
mation), it produced significant autophagic flux in the western
blot assay (Figure 3A), and it inhibited survival of Mtb in THP-1
macrophages with an MICso comparable with clionamines A
and B (Figure 3B). Therefore, based on all of the data in hand,
RP-3-161 (2.5.4 [5]) was selected as a tool compound to facili-
tate identification of the protein molecular target(s) associated
with clionamine stimulation of autophagy and xenophagic inhibi-
tion of Mtb survival in THP-1 macrophages.

RP-3-161 (5) inhibits the growth of Saccharomyces cerevisiae,
suggesting it may target a highly conserved protein or pathway.
To explore the yeast pathways that are particularly important for
cell fitness in the presence of RP-3-161, we employed a high-
throughput chemical-genetic platform. RP-3-161 was screened
against several genome-wide, DNA-barcoded S. cerevisiae
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mutant collections, which enable quantification of the relative
abundance of each mutant after compound treatment via bar-
code sequencing. The set of yeast non-essential genes was
analyzed with a relatively small number of diagnostic deletion
gene mutants covering 310 functionally diverse genes (Piotrow-
ski et al., 2017). The set of ~1,000 yeast essential genes was
analyzed with three different strain collections, each of which
spanned the majority of essential genes, including a set of tem-
perature-sensitive (TS) mutants (Li et al., 2011), a set of hetero-
zygous (HET) diploid deletion mutants (Lee et al., 2014), and a
set of yeast strains each carrying an essential gene on a high-
copy plasmid (Ho et al., 2009). Because S. cerevisiae has highly
efficient pleiotropic drug efflux systems, each of the four mutant
collections was constructed in a drug-hypersensitive genetic
background (pdr14pdr34snq24) (Piotrowski et al., 2017). The
mutant collections were grown in a pooled competitive growth
assay in the presence of RP-3-161. Following outgrowth of
each pool, the relative abundance of individual mutants was as-
sessed through next-generation sequencing of strain barcodes.

The diagnostic non-essential gene deletion mutant chemical-
genetic profile of RP-3-161 identified three highly sensitive
genes, VPS35, VPS38, and GYP1 (Figure 3D), all of which are
involved in vesicle transport (Kihara et al., 2001; Robinson
etal., 1988; Seaman et al., 1998). VPS35 encodes an endosomal
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subunit of the membrane-associated retromer complex that is
required for retrograde transport (Seaman et al., 1997), VPS38
codes for a component of the phosphatidylinositol 3-kinase
complex (Burda et al., 2002; Kihara et al., 2001), and GYP1 en-
codes a cis-Golgi GTPase-activating protein for yeast Rab pro-
teins that plays a role in vesicle docking and fusion, and interacts
with autophagosome component Atg8 (Du and Novick, 2001;
Mitter et al., 2019). Because genes that are functionally related
to the mode of action of RP-3-161 are expected to show chem-
ical-genetic interactions with RP-3-161 (Parsons et al., 2004),
these findings suggest that RP-3-161 may target a pathway
involved in vesicle trafficking.

The most sensitive mutant in the essential TS mutant chemi-
cal-genetic profile of RP-3-161 carried a mutation in PIK7 (Fig-
ure 3E), which encodes a phosphatidylinositol 4-kinase that
catalyzes the first step in the biosynthesis of the Golgi pool of
phosphatidylinositol-4-phosphate (PI4P) (Flanagan et al., 1993;
Seaman et al., 1998). Another highly sensitive mutant carried a
TS allele of FRQ1, which encodes an intracellular signaling pro-
tein that activates the Pik1 enzyme (Hendricks et al., 1999; Hutt-
ner et al., 2003). RP-3-161-sensitive TS mutants also included
NEOT1, which encodes a Golgi-localized phospholipid flippase
that establishes phospholipid asymmetry of the plasma mem-
brane and is involved in vesicle-mediated transport (Hua and
Graham, 2003; Takar et al., 2016; Wicky et al., 2004), and
LAS17, which encodes a member of the WASP protein family
that is involved in nucleation of branched actin filaments that
drive endocytosis in yeast (Li, 1997; Madania et al., 1999; Ur-
banek et al., 2013). PIK7 and FRQT1 are the most highly sensitive
genes, suggesting that RP-3-161 may modulate phosphatidyli-
nositol-4-phosphate biosynthesis or a pathway whose function
is dependent on PI4P.

The HET diploid deletion mutant collection is particularly
powerful because a given mutant may be reduced for an essential
gene product by ~50%, thereby rendering HET mutant cells sen-
sitive to compounds targeting the deleted gene (Costanzo et al.,
2010; Giaever et al., 1999; Lee et al., 2014). We found that the
pik1/PIK1 HET diploid was the most hypersensitive to RP-3-161
(Figure 3F), suggesting that the Pik1 protein may be a direct target
of RP-3-161. Alternatively, RP-3-161 may modulate another gene
product or pathway that depends on normal levels of PI4P.

The essential gene, high-copy plasmid strain collection pro-
vides a way of increasing potential target gene dosage, which
should lead to a resistance phenotype in the presence of a com-
pound that specifically inhibits the target gene product (Ho et al.,
2009). From an unbiased screen, we identified the PIK1 overex-
pression strain as the most resistant to RP-3-161 (Figure 3G) at
the highest concentration of the compound tested (2 ng/mL,
IC94), which further implicates Pik1 as a potential target for
RP-3-161.

We also generated chemical-genetic profiles for clionamine B
and found interactions with similar genes (Figure S3). Clionamine
B was screened against all non-essential deletion mutants to
provide a higher-resolution profile than the diagnostic set (Fig-
ure S3A). Like RP-3-161, clionamine B had a chemical-genetic
interaction with GYP7, the Golgi GTPase-activating protein that
interacts with autophagosome protein Atg8. Moreover, the TS,
HET, and molecular barcoded yeast (MoBY) profiles for clion-
amine B consistently had interactions with NEO7 and PIK1
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mutants (Figures S3B-S3D). The highly similar chemical-genetic
interactions of clionamine B and RP-3-161 confirmed that RP-3-
161 was a reasonable tool compound for elucidating the molec-
ular target of the natural product clionamines.

RP-3-161 (5) inhibits the yeast PI4 kinase in vivo at the
trans-Golgi network

We next tested the ability of RP-3-161 to inhibit Pik1 at the TGN.
Using wild-type yeast cells, we first observed a dose-dependent
inhibition of growth (Figure 4). Specifically, at 80 ug/mL, RP-3-
161 caused a 3-fold increase in doubling time (Figure 4B). Since
PI4P is essential for growth in yeast, this suggested that RP-3-
161 could abolish PI4P synthesis in a concentration-dependent
manner. To investigate whether RP-3-161 (5) specifically in-
hibited Pik1 at the trans-Golgi network (TGN), we used a Pl4P-
specific fluorescent probe, GFP-Osh2-PH (Shin et al., 2020).
In wild-type yeast cells under normal growth conditions, GFP-
Osh2-PH localized mostly to the TGN, with a minor fraction local-
izing to the plasma membrane, consistent with the known distri-
bution of intracellular PI4P (Bennett et al., 2006) (Figure 4C,
first row). In contrast, a higher concentration of RP-3-161
(80 pg/mL) led to an immediate decrease in TGN-localized
PI4P; after 1 h, almost all PI4P was re-localized to the plasma
membrane (Figure 4C, second row). Expectedly, a lower concen-
tration of RP-3-161 (50 pg/mL) resulted in a smaller fraction of
GFP-Osh2-PH showing a redistribution, but a similar effect was
still evident (Figure 4C, third row). Finally, upon shifting a TS con-
ditional mutant of PIK1, pik1-104, to a non-permissive tempera-
ture, we observed an effect that was similar to that of RP-3-161
with almost no PI4P at the TGN (Figure 4C, fourth row). Quantifi-
cations of peak GFP-Osh2-PH fluorescence intensity at the TGN
clearly showed that RP-3-161 exposure resulted in loss of PI4P
after 1 h (Figure 4D). All in all, we concluded that RP-3-161 spe-
cifically inhibited Pik1-dependent synthesis of PI4P in the TGN.

Pik1 interacts with biotinylated clionamine B

We synthesized a biotinylated clionamine B probe BIOCB (18),
which is also a close analog of RP-3-161 (5) (supplemental infor-
mation, Scheme S1), and performed affinity purification coupled
to mass spectrometry (AP-MS) from a wild-type S. cerevisiae
strain as well as a strain that overexpressed PIK1, and compared
the BIOCB (18) physical interactions with those recovered on
biotin-cholesterol. To identify significant interactions with our
compound, statistical analysis of four replicate purifications
from probe BIOCB (18) against streptavidin beads alone and
streptavidin beads bound to biotin-cholesterol was performed
using SAINTexpress (Teo et al., 2014). Proteins with false discov-
ery rates equal to or below 1% were classified as statistically sig-
nificant clionamine interactors. The alpha and beta subunits of
fatty acid synthetase, Fas2p and Fas1p, were precipitated from
yeast lysates using biotinylated cholesterol (Table S2). In lysates
from a PIK1-overproducing strain, Pik1 precipitated with both
BIOCB (18) and biotinylated cholesterol, but we observed a 7-
fold stronger effect with probe BIOCB (18) and Pik1, suggesting
that clionamines form a more specific interaction with Pik1 (Fig-
ure 5Aand Table S2). Dop1 and Mon2 were also identified as sig-
nificant clionamine-specific interacting proteins in the same
AP-MS assay (Figure 5A and Table S2). Dop1 and Mon2 control
the activation of Neo1 (Dalton et al., 2017), which functions as a
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Figure 4. RP-3-161 inhibits the yeast Pl4 kinase in vivo at the TGN

(A) Growth curve analysis of wild-type yeast grown in synthetic complete (SC) medium supplemented with DMSO or RP-3-161 at ng/mL concentrations indicated
in (A) and (B).

(B) Doubling times calculated from the growth curves in (A).

(C) Confocal images of yeast cells expressing GFP-Osh2-PH from a plasmid taken at the indicated time points. Wild-type cells were grown in SC medium with
either DMSO or RP-3-161 at indicated concentrations. PIK7-104 cells were grown initially at 25°C, then incubated at the non-permissive temperature (37°C) for 1
h. All scale bars, 2 um.

(D) Quantifications of GFP-Osh2-PH localized to the TGN. *p < 0.0001.
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Figure 5. Overproduced PIK1 interacts with
biotinylated clionamine B, and siRNA knock-
down of PI4KB inhibits Mtb survival in macro-
phages

(A) Interaction between biotinylated clionamine B
and PIK1

Proteins that most strongly interact with biotinylated
clionamine B were determined by AP-MS from a
wild-type S. cerevisiae strain (BIOCB (18), n = 3,
SAINT false discovery rate <1%) as well as a strain
that overproduced PIK1 (BIOCB (18)-PIK1). The
mean spectral count for each interacting protein is
represented by circle size and color scale. Samples
that were loaded with biotinylated cholesterol and
beads alone served as controls. The clionamine B-
PIK1 interaction is only observed using cell lysate
extracted from a PIK7-overproducing yeast strain,
but is 7-fold stronger than the cholesterol-PIK1
interaction from the same overproducing strain
(BIOCB (18)-PIK1, n = 1; cholesterol-PIK1, n = 2).
(B) Inhibition of intracellular Mtb by siRNA-knock-
down of PI4KB. Differentiated THP-1 cells were
transfected with PI4KB or scrambled siRNA followed
by infection with RFP-expressing Mtb. Rifampicin-
treated cells were used as a positive control for 100%
killing. The percentage Mtb survival was calculated
as a percentage of the fluorescence from the
scrambled siRNA control after subtracting average
fluorescence of the rifampicin control (background)
and represent the mean + SEM, n = 4. Statistics were
performed using a two-tailed t test compared with
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the scrambled siRNA control. p = 0.0179.

(C) siRNA knockdown efficiency. Quantitative real-
time PCR comparing PI4KB mRNA levels in THP-1
cells transfected with PI4KB siRNA or scrambled
siRNA. Average of six biological samples performed
in quadruplicate + SEM, n = 4. p = 0.0002 using a
two-tailed Welch’s t test.

the accumulation of CADs in acidic vacu-
olar and lysosomal compartments, pre-
venting the proper function of Neo1 and

> Pik1 (Lee et al., 2014). Indeed, we found
i that the CAD-like compounds NPE71 (19)
(Figure 6) and clionamine B (2) (supple-
mental information, Figure S3) showed

&

phospholipid flippase that translocates phosphatidylserine (PS)
and phosphatidylethanolamine (PE) from the exoplasmic to the
cytoplasmic leaflet of membrane bilayers and thereby estab-
lishes an asymmetric distribution of these lipids (Takar et al.,
2019). Notably, compounds that have a pik7/PIK1 HET chemi-
cal-genetic interaction also frequently have HET chemical-ge-
netic interactions with NEOT (Lee et al., 2014).

Comparison of RP-3-161 with other CAD-like
compounds

NEO1-PIK1 HET chemical-genetic interactions are a hallmark
“signature” of CADs, which are associated with drug-induced
phospholipidosis, a human phospholipid storage disorder. The
NEO1-PIK1 chemical-genetic signature is thought to arise from

chemical-genetic interactions that were
highly similar to that of RP-3-161 (5) with
all of our strain collections, namely the non-essential deletion
gene mutants, TS, HET, and MoBY strains (Figure 4) (Piotrowski
etal., 2017). Moreover, NPE71 led to reduced TGN localization of
our GFP-Osh2-PH reporter, suggesting that NPE71 inhibits Pik1
in yeast cells (Figure S4) like RP-3-161 (Figure 4). Thus, RP-3-161
targets Pik1 in yeast cells and this activity is likely linked to its
CAD-like properties and its concentration in a Pik1-localized
compartment.

Several known drugs, such as the antidepressant fluoxetine,
that stimulate autophagy and inhibit Mtb survival in macrophages
(Stanley et al., 2014) have typical CAD-like structures. We have
shown that fluoxetine has a strong NEO7-PIK1 chemical-genetic
interaction signature similar to RP-3-161, NPE71, and clionamine
B, suggesting that it may also be modulating Pl4Ks (Figure S5).
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Figure 6. NPE71 (19), a CAD-like compound, shares a common NEO7-PIK1 HET chemical-genetic signature with RP-3-161, and also inhibits

the survival of Mtb in macrophages
(A) Chemical structure of the CAD compound NPE71 (19).

(B) NPE71 (19) inhibits survival of Mtb in human THP-1 macrophages. Data represent the mean + SEM, n = 3. Non-linear regression was used to fit the data of the
log (inhibitor) versus response (variable slope) curve using GraphPad Prism analysis software.
(C) THP-1 survival when treated with NPE71, measured using an MTT assay. Data represent the mean + SEM, n = 3. Non-linear regression was similarly used to fit

the data as above.

(D) A diagnostic set profile was obtained at a screening concentration of 0.5 pg/mL.

(E) A TS mutant profile was obtained at a screening concentration of 5 ug/mL (IC5).

(F) A HET mutant profile was obtained at a screening concentration of 5 ng/mL (IC67).

(G) A MoBY overexpression profile was obtained at a screening concentration of 4 pg/mL (IC91).

siRNA knockdown of PI4KB impairs Mtb survival in
macrophages

In order to test whether the RP-3-161 inhibition of PI4KB, the hu-
man homolog of Pik1, affects Mtb survival in infected macro-
phages (THP-1), we tested whether siRNA knockdown of
PI4KB could mimic compound inhibition. As seen in Figure 5B,
siRNA interference in PI4KB expression resulted in impaired
Mtb survival in THP-1 cells compared with cells treated with
scrambled siRNA. Transcription analysis using quantitative
real-time PCR showed incomplete, yet significant, siRNA knock-
down of PI4KB (Figure 5C), and thus may explain the partial inhi-
bition (=30%) of Mtb intracellular growth. These results validate
PI4KB as a viable cellular target for HDTs against Mtb worthwhile
of further investigation.

DISCUSSION

Natural products have historically been an excellent source
of life-saving antibiotics that target microbial pathogens
directly. There is an urgent ongoing need for new drugs to
treat Mtb infections, and natural products continue to repre-
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sent one of the richest sources of novel antimicrobial drug
lead scaffolds. In addition to providing chemical inspiration
for the development of new antibacterial therapies, knowledge
of the molecular target of any new natural product drug lead
has become an expected requirement for serious consider-
ation as a clinical candidate (Williams and Andersen, 2020).
Recently there has been a growing interest in trying to circum-
vent antibiotic drug resistance by developing host-directed
therapies that target human cells. Several frontline drugs
used to treat tuberculosis activate autophagy and this prop-
erty is thought to play a role in their clinical effectiveness
(Kim et al., 2012).

We found that the marine natural product clionamines (A [1]
and B [2]) effectively stimulate autophagy in MCF7 cells (Keyzers
et al., 2008; Forestieiri et al., 2013) and inhibit the survival of Mtb
in THP-1 macrophages. An optimized total synthesis of clion-
amine B (2) has been developed that provided an effective route
for making analogs used for SAR analysis of chemical moieties
that were important parts of the clionamine autophagy-stimu-
lating pharmacophore. We found that the configuration at C-5
of the steroid AB ring junction did not seem to be important for
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autophagy stimulation, suggesting that the A ring end of the
compound is not directly binding a protein target. On the other
hand, the configuration of C-20, the attachment point for the ste-
roid side chains, is critical. All of the active compounds (at 10 pg/
mL) with a side chain larger than a single methyl group have the
C-20 B configuration, while analogs with the C-20 o configuration
are only weakly active. A C-3 benzyl amine substituent was pre-
sent in all of the strongly active compounds but not in the weakly
active compounds. The C-20 hydroxyl was not essential for ac-
tivity, but RP-3-161 (5), the most potent and efficacious auto-
phagy stimulator, has the C-20 o, OH.

To identify the molecular target of RP-3-161 (5), we em-
ployed a high-throughput chemical-genetic platform in
S. cerevisiae, which measured the effect of compound expo-
sure on the fitness of hundreds of mutants defective for func-
tionally diverse genes that span the entire yeast genome. We
linked the activity of RP-3-161 to the vesicular trafficking
pathway, and specifically to PIK7, which encodes the yeast
phosphatidylinositol-4-kinase (Pl4K), which maintains the
Golgi pool of PI4P, and NEO1, which encodes a Golgi-localized
phospholipid flippase. Combining information from various
types of chemical-genetic mutant screens suggested that
RP-3-161 may directly target Pik1, or it may modulate another
protein or pathway that depends on normal PI4P levels. Since
NEO1 and PIK1 HET diploid chemical-genetic interactions
represent a commonly found signature in chemical-genetic
screens for compounds with cationic and amphiphilic proper-
ties (CADs), we studied the physiological effect of another
CAD-like molecule, NPE71, in our autophagy and Mtb survival
assay. While NPE71 exposure did not generate autophagic flux
at the concentration tested (10 pg/mL), we did observe that
NPE71 treatment led to inhibition of Mtb survival in THP-1 mac-
rophages. Interestingly, we found that RP-3-161 inhibits the
yeast Pl4 kinase in vivo, since compound exposure led to
decreased levels of TGN-localized PI4P, and NPE71 treatment
led to a similar reduction in trans-Golgi PI4P levels. Pik1 was
detected with biotinylated clionamine B in a streptavidin-medi-
ated pulldown assay in cells overexpressing PIK1, as well as
Dop1 and Mon2, which form a complex with Neo1 and control
its activity (Dalton et al., 2017). The streptavidin pulldown probe
had the biotin attached at the A ring amine, leaving the E ring
lactone and C-20 side chains of the steroid exposed for bind-
ing. Combining this information with the autophagy SAR ana-
lyses suggests a specific clionamine binding interaction occur-
ring via the E ring lactone end of the molecule. Moreover, all the
strongly active compounds in the autophagy SAR assay had a
benzyl substituent on the C-3 amine. It is possible that this
lipophilic structural feature points to the importance of the
CAD-like physical properties of the active compounds, where
lipophilicity around the basic nitrogen is important for activity.
In summary, these results suggest that the anti-Mtb properties
of RP-3-161, clionamine B, and NPE71 in macrophages are
due to their activity against PI4K. This mode of action is linked
to their CAD-like properties and co-localization with PI4P in a
vesicular compartment. We have also shown that the CAD-
like antidepressant drug fluoxetine, which has been reported
to activate autophagy and inhibit Mtb in macrophages, has
the NEO7-PIK1 chemical-genetic interaction signature ex-
hibited by RP-3-161, NPE71, and clionamine B, suggesting
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that the PI4K inhibitory HDT activity against Mtb may be widely
shared by CADs.

Finally, siRNA knockdown of PI4KB, the human homolog of
PIK1, led to inhibition of Mtb survival in THP-1 macrophages,
validating PI4KB as a viable host-directed therapy cellular
target against Mtb. Phosphatidylinositols have been implicated
in the regulation of autophagy (O’Farrell et al., 2013). PI3P has
been reported to activate autophagy and phosphatidylinositol
3,4,5-triphosphate (PI(3,4,5)P3) has been reported to be a
block or brake on autophagy. A potential role for Pl4Ks in auto-
phagy or Mtb survival in macrophages has not been extensively
studied. However, since PI4P is the first intermediate in the
biosynthesis of PI(3,4,5)P3, a possible scenario is that that inhi-
bition of PI4KB by clionamines or NPE71 would inhibit the for-
mation of the autophagy blocker PI(3,4,5)P3, thereby releasing
the autophagy brake and activating xenophagy to destroy Mtb
in macrophages. Regardless of the exact link between inhibi-
tion of PI4KB and Mtb survival in macrophages, the current
work has identified PI4KB as a new molecular target and
CADs such as the clionamines, NPE71, and fluoxetine as a
promising chemical group, that both merit further exploration
as part of efforts to develop new HDT drugs for treatment of
TB. This study illustrates the value of determining the molecular
target of a natural product drug lead discovered using pheno-
typic assays as a path to revealing an unexploited cellular
target for drug development.

SIGNIFICANCE

Infection with Mtb resulting in TB is the world’s leading
cause of death from an infectious bacterial disease. Stand-
alone or adjuvant HDTs have advantages in killing Mtb
strains that are drug resistant and is less likely to promote
development of new resistant strains. This work showed
that the natural product clionamines inhibit the survival of
Mtb in macrophages in a host-directed manner. Yeast
chemical-genetic profiling, a biotinylated clionamine probe
pulldown experiment, and a yeast cell-based assay for inhi-
bition of PI4P production in the TGN all support the Pik1 P14
kinase as a cellular target of the clionamines. The chemical-
genetic profiles and structures of clionamines are typical of
CADs and this work has linked the Mtb inhibition phenotype
elicited by clionamines to their CAD properties and co-local-
ization with PI4P in a vesicular compartment. siRNA knock-
down of PI4KB, the mammalian homolog of yeast PIK1,
inhibited the survival of Mtb in macrophages, identifying
PI4KB as an unexplored molecular target for HDT treatment
of TB.
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KAPA Library Quantification kit
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MP Biomedicals
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Experimental models: cell lines

Human THP-1 (male) ATCC ATCC® TIB-202™
MCF7 (female) ATCC ATCC® HTB-22™

Experimental models: organisms/strains
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S. cerevisiae Pik1-104 GFP-Osh2-PH

S. cerevisiae drug hypersensitive diagnostic
mutant deletion library
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S. cerevisiae drug hypersensitive
temperature-sensitive conditional mutant
collection
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Shin et al., (2020)
Shin et al., (2020)

pubmed.ncbi.nlm.nih.gov/
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Boone laboratory,
University of Toronto
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University of Toronto

Boone laboratory,

416-GFP-Osh2-PH
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Diagnostic set
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MoBY overexpression

(MoBY) overexpression collection University of Toronto collection
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TCATCAGCAATGC
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TGGACAAGG
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AAGCTGAGAA

Diagnostic, HET, and MoBY forward
primer:AATGATACGGCGACCACCGAC
ACTCTTTCCCTACACGACGCTCTTCC
GATCTNNNNNNNNNNTGTCCACGA
GGTCTCT

Diagnostic, HET, and MoBY reverse primer:
CAAGCAGAAGACGCATACGAGCTCTT
CCGATCTGCACGTCAAGACTGTCAAGG

TS forward primer: AATGATACGGCGA
CCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTNNNNN
NNNNNGGACATTGCCTTCTAGTTG
TS reverse primer: CAAGCAGAAGAC
GGCATACGAGCTCTTCCGATCTCC
TTACTCCACTCGTCAT

Av-Gay laboratory,

University of British Columbia

Av-Gay laboratory,
University of British
Columbia

Av-Gay laboratory,

University of British Columbia

Av-Gay laboratory,

University of British Columbia

pubmed.ncbi.nim.nih.gov/
28759014/

pubmed.ncbi.nim.nih.gov/
28759014/

Boone laboratory,
University of Toronto

Boone laboratory,
University of Toronto

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Software and algorithms

Imaged v2.0.0

GraphPad Prism v5.0f

GraphPad Prism v9.1.2

BEAN-counter v1.1.5
CG-TARGET v0.2

Fiji
Schindelin et al., 2012
Prism

Prism

Simpkins et al., 2019
Simpkins et al., 2018
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RRID: SCR_003070;
imagej.net/Fiji

RRID: SCR_002798;
www.graphpad.com/scientific-
software/prism/

RRID: SCR_002798;
cdn.graphpad.com/downloads/
prism/9/InstallPrism9.msi

www.github.com/csbio/BEAN-counter
www.github.com/csbio/CG-TARGET
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Microsoft Excel for Mac v16.49 Microsoft RRID: SCR_016137;

www.microsoft.com/en-ca/

microsoft-365/excel
Microsoft Excel 2019 for Windows v1808 Microsoft RRID: SCR_016137;

www.microsoft.com/en-ca/

microsoft-365/excel
SAINTexpress v3.6.1 Teo et al., 2014 RRID: SCR_018562;
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ProHits Laboratory Information Liu et al., 2010 www.prohitsMS.com
Management System

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Raymond
Andersen (raymond.andersen@ubc.ca).

Materials availability
There are no restrictions to the availability of materials.

Data and code availability
1. All data reported in this paper will be shared by the lead contact on request.
2. This paper does not report original code.
3. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and culture conditions

M. tuberculosis H37Rv was obtained from laboratory stocks. Mtb expressing the luciferase gene from the kanamycin resistant
pJAK2.A (Mtb Luc) or Mtb H37Rv transformed with the hygromycin resistant pTEC27 plasmid expressing tomatoRFP (Mtb RFP)
were grown in Middlebrook 7H9 supplemented with 10 % OADC (5% bovine albumin fraction, 2% dextrose, 0.004% catalase,
0.05% oleic acid and 0.8% sodium chloride solution), 0.05% Tween-80 and 20 ug/mL kanamycin or 50 pg/mL hygromycin B,
respectively.

Cell lines

MCEF-7 cells (female) stably transfected with pEGFP-LC3 (Balgi et al., 2009) were maintained in RPMI-1640 medium supplemented
with 400mg/mLG418 and 10% (v/v) fetal bovine serum, 2 g/L sodium bicarbonate and 1 mM HEPES. The cells were cultured at 37°C,
5% CO, in a humidified environment. THP-1 cells (ATCC TIB-202) were maintained in RPMI1640 incomplete media (10% FBS, 2%
glutamine, 1% non-essential amino acids). All incubations of THP-1 cells were performed at 37°C, 5% CO, in a humidified environ-
ment. The cells were not authenticated in our hands.

METHOD DETAILS

Autophagy assays

For determination of EGFP-LC3 puncta, MCF-7 cells stably expressing EGFP-LC3 were seeded in PerkinElmer View 96-well plates at
20,000 cells per well. Eighteen hours after seeding, compounds were added from a 10 mg/mL solution in DMSO to triplicate wells
and untreated wells were exposed to an equivalent volume of DMSO (0.1%). After 4 hr incubation at 37°C, the cells were fixed
with 3% (v/v) paraformaldehyde containing the DNA dye Hoechst 33,342 (500 ng/mL) for 15 min at room temperature. The fixed cells
were rinsed once with phosphate-buffered saline (PBS) containing 1 mM MgCl, and 0.1 mM CaCl, and stored in the same medium at
4°C overnight. The plates were then read in a Cellomics Arrayscan VTl automated fluorescence imager. Images of 12 fields per well,
corresponding to approximately 3200 cells per well were acquired using a 20X objective in the Hoechst 33,342 and GFP (XF-100
filter) channels. The compartment analysis algorithm was used to identify the nuclei, apply a cytoplasmic mask and quantitate
EGFP-LCS3 puncta. Additional experimental details are described in Balgi et al. (2009). For determination of EGFP-LC3 processing,
200,000 MCF-7 cells stably expressing EGFP-LC3 were seeded in 12 well plates in a volume of 1 mL. The cells were exposed
to compounds or DMSO for 4 hr as above. The cells were harvested, lysed and subjected to automated capillary electrophoresis

Cell Chemical Biology 29, 870-882.e1-e11, May 19, 2022 3



mailto:raymond.andersen@ubc.ca
http://www.microsoft.com/en-ca/microsoft-365/excel
http://www.microsoft.com/en-ca/microsoft-365/excel
http://www.microsoft.com/en-ca/microsoft-365/excel
http://www.microsoft.com/en-ca/microsoft-365/excel
http://saint-apms.sourceforge.net
http://www.prohitsMS.com

¢ CellPress Cell Chemical Biology

western analysis as described (Baradaran-Heravi et al., 2016), using a GFP antibody (Roche, cat #1181446001, 1:100 dilution). The
data is plotted in the Figures S1 and S2.

Mtb infection of THP-1 cells

The assay uses an Mtb H37Rv strain expressing a luciferase reporter gene. Luminescence produced upon addition of luciferin is an
indication of the total amount of luciferase expressed by the Mtb and can be used as an indication of the metabolic status of the Mtb
inside the cell.

THP-1 cells were centrifuged and gently resuspended in fresh RPMI incomplete media containing 40 ng/mL phorbol12-myris-
tate13-acetate (PMA) for differentiation. Cells were seeded into 96-well clear flat-bottom plates (VWR) at 100,000 cells/well in
200 pL of media and differentiation was allowed to proceed overnight. Mtb cultures grown to ODgg 0.3-0.5 were washed three times
with 7H9-Tween-80 and resuspended in RPMI containing 10% human serum at a density of 2 x 108 cells/mL. Cells were incubated
for 30 min at 37°C for opsonization to occur. THP-1 cells were washed twice with RPMI1640 then incubated with opsonized Mtb Luc
(for dose response assays) or Mtb RFP (for siRNA assays) for 3 hr at a multiplicity of infection (MOI) of 5:1 or 2:1, respectively.
Following infection, THP-1 cells were washed twice with RPMI1640. RPMI1640 incomplete media containing serial dilutions of com-
pounds in DMSO or Rifampicin or DMSO controls were added to each well and cells were incubated for 3 days. For the luciferase
assay, cells were washed with RPMI1640, followed by addition of 100 uL PBS and 50 ulL luciferase reagent (Bright-Glo Luciferase
Assay System) to each well. The plate was incubated for 5 min at room temperature according to the supplied protocol then scanned
using a Biotek Synergy HT microplate reader. Data from dose-response assays were normalized using DMSO as a negative control,
corresponding to 100% bacterial growth, and 20 uM rifampicin as a positive control, corresponding to 100% inhibition of bacterial
growth. Error bars represent the SEM of two separate experiments done in triplicate and are representative of two additional exper-
iments for RP-3-161. Non-linear regression was used to fit the data of the log (inhibitor) vs. response (variable slope) curve. For siRNA
assays, cells were washed twice with RPMI1640, fixed with 4% paraformaldehyde (PFA) in warm PBS for 1 hr, then stained with 1 ng/
mL Hoechst 33,342 in RPMI1640. The stain was removed after 15 min and cells were kept in PBS for scanning with a Celllnsight CX5
HCS Platform (Thermo Scientific). The HCS Studio (Thermo Scientific) built-in software was used to calculate the average fluorescent
area per infected THP-1 cell. Survival of Mtb in PI4KB siRNA-transfected THP-1 cells (see below) was calculated as a percentage of
the fluorescence from the scrambled siRNA control after subtracting average fluorescence of the Rifampicin positive control corre-
sponding to 100% killing (background). Statistics were performed using a two-tailed t test compared to the scrambled siRNA control.
Error bars represent the SEM of experiments done in quadruplicate and are representative of three separate experiments. All data
were normalized using Microsoft Excel and analyzed using GraphPad Prism software.

siRNA knockdown

THP-1 cells, seeded at 50,000 cells/well in 96-well plates, were differentiated overnight as above. Cells were gently washed twice
with RPMI1640 to remove PMA followed by addition of 30 uL of RPMI incomplete media to each well. Transfection complex formation
was performed following the traditional protocol as supplied by the manufacturer as follows: 0.1 uL (10 pmole) of siRNA (IDT) was
added to 27.9 uL of RPMI1640, to which 2 pL of HiPerFect transfection reagent (Qiagen) was added, vortexed and incubated at
room temperature for 9 min (volumes were scaled according to the number of replicates). The transfection complex (30 pL) was
added to each well for a total of 60 uL per well. Cells were incubated for 5 hr at 37°C, 5% CO. in a humidified environment, after which
140 uL of RPMI incomplete media was added to each well to give a final siRNA concentration of 50 nmol/well. Cells were further
incubated overnight before washing and infection with M.tb the following day as described above.

Quantitative real-time PCR

RNA from six to eight samples of THP-1 cells transfected with siRNA for 24 hr as above was extracted, combined and cleaned using
the lllustra RNAspin Mini RNA Isolation Kit (GE Healthcare) according to the supplied protocol. Reverse transcription reactions were
carried out in 20-puL volumes containing 250 ng RNA, oligo dT primers, and the buffer and enzyme components of the OneScript®
Plus cDNA Synthesis Kit (ABM) according to the supplied protocol. Real-time PCR analysis was carried out on the CFX96 Real-Time
System (BIO-RAD). Real-time gPCR reactions were carried out in 20-uL volumes containing 2X FastStart SYBR green master mix
(Roche), 5 uL of 5-fold diluted cDNA and 0.3 uM of each primer. Control reactions without reverse transcriptase were included
with each run to confirm the absence of genomic DNA contamination. Expression levels were normalized to the GAPDH gene. All
primers were ordered from IDT.

Compound cytotoxicity assay

THP-1 survival exposed to increasing concentrations of compound was measured using an MTT assay. THP-1 cells were differen-
tiated as above, washed and serial dilutions of compounds in DMSO were added. Cells were incubated in the presence of com-
pounds or Rifampicin or DMSO controls for 3 days. Wells were replaced with 100 uL RPMI incomplete including 12.5 pL of
10 mg/mL MTT (Thiazolyl Blue Tetrazolium Bromide) and cells were incubated a further 2.5 h. Cells were lysed by adding 100 puL
of extraction buffer (20% w/v of SDS dissolve in 50% N, N-dimethylformamide containing 2.5% acetic acid and 2.5% 1 M HCI)
and incubated overnight. Plates were read on a VarioSkan™ Plate Reader at 570 nm. Data were normalized to DMSO as a negative
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control corresponding to 100% THP-1 survival. Non-linear regression was used to fit the data of the log (inhibitor) vs. response (var-
iable slope) curve using GraphPad Prism analysis software. Error bars represent the SEM of two separate experiments done in
triplicate.

Drug hypersensitive, DNA barcoded S. cerevisiae mutant libraries
Detailed lists and genotypes for each mutant collection are in the supplemental information.

Diagnostic set

A set of 310 non-essential gene deletion mutants were selected for the diagnostic collection, as previously described (Piotrowski
etal., 2017). The collection was constructed in a drug hypersensitive MATa pdr1 4pdr34snq2 4 genetic background using SGA tech-
nology. The MAT« pdri 4::natMX pdr34::KI.LURA3 snq24::KI.LEU2 can1A4::STEpr-Sp_his5 lyp14 (Y13206) query strain carries SGA
markers, can14::STEpr-Sp_his5 lyp14.Y13206 was crossed to an array of MATa xxx4::kanMX deletion mutants (EUROSCARF) and,
following SGA analysis, MATa pdr1 4::natMX pdr34::KI.LURA3 snq2 4::KI.LEU2 xxxA4::kanMX his341 leu240 ura340 met1540 dele-
tion mutants were isolated. The diagnostic collection contained UP and DOWN barcodes flanking the kanMX deletion cassette (Winz-
eler et al., 1999).

Heterozygous diploid (HET) collection

A set of 968 barcoded diploid heterozygous mutants, each containing half the gene copy of a unique essential gene, was constructed
in yeast strain Y14486 MATa/MATo. pdr1 A::natMX/pdr1 4::natMX pdr34::KI.URA3/pdr34::KI.URA3 snq2 4::KI.LEU2/snq2 4::KI.LEU2
his341/his341 leu240/leu240 ura340/ura340 met1540/met1540. Oligonucleotide primers were designed to generate kanMX-
marked deletions of essential genes, and incorporate 20 bp barcodes upstream of each marked deletion. Diploid transformants
were selected on YPD (1% yeast extract, 2% peptone, 2% glucose) media containing G418 (200 ung/mL), and the presence of desired
deletions was confirmed by PCR. If we delete a given gene XXX, the resultant heterozygous diploid genotype would be MATa/MAT«
xxxA::kanMX/XXX snq24::KI.LEU2/snq24::KI.LEU2 pdr34::KI.URAS/pdr34::KI.URA pdr14::hygB/pdr14::hygB can1A4::STE2pr-
Sp_his5/can14::STE2pr-Sp_his5 lyp14/lyp14 his341/his341 leu240/leu2 40 ura340/ura340 met1540/met1540.

Temperature sensitive (TS) conditional mutant collection: First, a drug-hypersensitive, barcoded set of temperature-sensitive
mutants was constructed for 1181 TS alleles covering 837 essential genes. A drug-hypersensitive, SGA-compatible “barcoder
collection” was constructed. The KLURA3 marker in Y14478 (MATa snq24:KI.LEU2 pdr34::KI.URA3 pdr14::hygB cani-
A::STE2pr-Sp_his5 lyp14 his341 leu2 40 ura340 met1540) was replaced by a natMX cassette. To make the barcoded drug hyper-
sensitive TS mutant library, the above barcoder collection was mated to a G418-resistant ordered array of conditional temperature
sensitive (TS) allele mutants. Serial rounds of plating on selective media isolated MATa haploids with the pdr3, pdr1, and snqg2 dele-
tion alleles as well as the kanMX-marked TS allele and natMX-marked barcode (MATa ts allele::kanMX pdr34::natMX::barcode
snq24:KI.LEU2 pdr14::hygB can1A4::STE2pr-Sp_his5 lyp14 his341 leu240 ura340 met1540).

Molecular barcoded Yeast (MoBY) overexpression collection: A collection of 960 strains transformed with barcoded 2 micron
plasmids (p5587), each expressing a unique yeast open reading frame (Ho et al., 2009), was constructed using a drug hypersensitive
parent strain Y14475. (MATa snq24::KI.LEU2 pdr34::KI.URAS3 pdr1 A::natMX can1A4::STE2pr-Sp_his5 lyp14 his341 leu2 40 ura340
met15.40)

Chemical-genetic profiling

Pooled yeast mutant libraries were treated with RP-3-161 as previously described (Piotrowski et al., 2017). Diagnostic, temperature
sensitive (TS), heterozygous diploid (HET) and overexpression (MoBY) libraries were each pooled and distributed into separate wells
in 96-well plates. Each well contained 4.65x10%/mL cells, 196 pL YPGal medium (1% yeast extract, 2% peptone, 2% galactose) and
2 uL compound (RP-3-161, NPE-71, clionamine B, or fluoxetine) at different concentrations (3 pg/mL to 5 mg/mL stock solutions
dissolved in DMSO, corresponding to a final working concentration range of 0.03 pg/mL to 50 pg/mL). ODggo Was measured after
24 h using a plate reader, at which point the percentage of growth inhibition relative to the DMSO-only control (1% DMSO) was calcu-
lated to measure cell growth. This was followed by incubation for an additional 24 h at 30°C. The plates were then centrifuged at
3,000 rpm for 4 min before adding 125 uL zymolyase dissolved in 1 M D-sorbitol (final concentration: 0.5 mg/mL) with 11.5 uM B-mer-
captoethanol. The samples were incubated for 1 h at 37°C, centrifuged again at 4,000 rpm for 5 min and processed using the QlAamp
96 DNA kit. Genomic DNA extraction was performed with an automated high-throughput nucleic acid purification robot, QlAcube HT
(QIAGEN).

Strain-specific DNA barcodes were amplified using multiplex primers and a communal U2 primer. PCR conditions were set as fol-
lows: 3 min at 95°C for initial denaturation, 30 cycles of 15 s at 95°C, 15 s at 60°C, 20 s at 72°C, and a final extension time of 5 min at
72°C. PCR products were purified from 2% agarose gels using a Geneclean Ill kit, quantified using a Kapa gPCR kit and sequenced
with a Hiseq 2500 machine at the RIKEN Center for Life Science Technologies (Yokohama, Japan).

Data processing

Chemical-genetic interaction z-scores normalized against DMSO-only (1% DMSO) treated samples were generated from amplicon
sequencing data using the BEAN-counter software pipeline [github.com/csbio/BEAN-counter (Simpkins et al., 2019)]. The complete
scoring method can be found in the Supplementary Note of Piotrowski et al., 2017. The screens were performed in separate batches
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for each mutant library: each batch was processed and analyzed independently using BEAN-counter software. Chemical-genetic
(CG) interaction z-scores normalized against DMSO-only (1% DMSO) treated samples were calculated from amplicon sequencing
data, representing the standard deviation of each strain in the compound-treated profile with respect to its counterpart strain in the
reference DMSO profile. Scatter plots of chemical-genetic profiles were generated on Excel. High confidence biological process
target predictions (FDR<25%) were made for diagnostic set profiles using CG-TARGET software [github.com/csbio/CG-TARGET
(Simpkins et al., 2018)], using process predictions from DMSO-only and randomized profiles for normalization.

Liquid growth assay

Overnight yeast cultures grown in SC media were diluted to OD600 = 0.2 in a 96-well flat bottom plate. The plate was incubated in a
microplate reader (Epoch 2 by Biotek) at 30°C with shaking, and an automated program recorded OD600 readings every 4 min.
Doubling times were calculated from non-linear fit of the growth curves with R? > 0.98.

Log phase live yeast cells grown in SC media (6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 2 g/L complete amino
acid supplement) exposed to RP-3-161 and NPE-71 were imaged using the Olympus Fluoview FV1000 laser scanning confocal mi-
croscope with the UplanSApo 100X/1.40 Oil immersion lens. Optical slices were taken from the centre of the cell using identical mi-
croscopy settings. Images were processed using the Fiji package of Imaged (NIH).

Compound pull-down

Yeast cells BY4741 and BY4741 overexpressing PIK1 from a 2 micron plasmid p5889 (Ho et al., 2009) were harvested from 1L culture
in log phase (OD 600 <0.8). Pellets were resuspended 1:1 (g:mL) in yeast lysis buffer [50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM
EDTA, supplemented by fresh addition of 0.1% NP-40, 1x Roche complete protease inhibitors cocktail (cat#11836170001) and 5 mM
DTT]. Lysis was performed by vortexing with 0.5 mm glass beads, and the lysate was collected by centrifugation at 14,000 r.p.m. for
20 min (4 °C).

Streptavidin-sepharose beads (GE Healthcare 17-5113-01), 15 pul packed beads per sample, were washed three times in PBS and
resuspended in 100 ul PBS. 100 nmol of biotinylated compound in DMSO (RP-3-161 or cholesterol) was then added per sample to the
streptavidin bead suspension and allowed to pre-bind the beads for ~2 h on a nutator at 4°C. The beads were washed three times
with lysis buffer to remove unbound biotinylated compound before being incubated with lysates. 2 mL of lysate (~15 mg of total pro-
tein) was added to the beads and incubated on a nutator for 3 hours. Beads were then pelleted by centrifugation at 1,000 r.p.m. for
1 min using a small table-top microfuge and placed on a cold magnetic rack (placed on ice) to collect the beads on the tubes’ sides.
The supernatant was removed slowly with a pipette and the beads were resuspended in 3 x 0.5 mL of cold lysis buffer. The beads
were transferred to a fresh 1.7 mL tube and washed three more times with 0.5 mL of 50 mM ammonium bicarbonate pH 8. Following
the last wash, the samples were quickly centrifuged and the last drops of liquid were removed with a fine pipette.

The dried beads were resuspended in 5 pL of 50 mM ammonium bicarbonate pH 8 containing 1 pg of trypsin (Sigma, T7575) and
the mixture was incubated at 37 °C with agitation overnight (~15 h). The sample was then magnetized and the supernatant was trans-
ferred to a fresh tube. Another 500 ng of trypsin was added (in 5 uL of 50 mM ammonium bicarbonate pH 8), and the resulting sample
was incubated at 37 °C for 3—-4 h without agitation. Formic acid was added to the sample to a final concentration of 2% (from 50%
stock solution), and the sampled was dried in a vacuum centrifuge and stored at —40 °C until ready for mass spectrometric analysis.

Mass spectrometry analysis

Samples resuspended in 18 puL 2% formic acid were analyzed on the AB SCIEX 5600 TripleTOF in Data Dependent Acquisition (DDA)
mode. 5 uL of the digested sample was analyzed using a homemade emitter column (75 um x 10 cm) using Dr. Maisch Reprosil C1g
3 um material. The column was coupled to a NanoLC-Ultra 1D plus (Eksigent, Dublin, CA) system with 0.1% formic acid in water as
buffer A and 0.1% formic acid in ACN as buffer B. Samples were loaded on the column for 10 min at 400 nL/min (2% buffer B). The
flow rate was then decreased to 200 nL/min and the HPLC delivered an acetonitrile gradient over 120 min (2-35% buffer B over
90 min, 40-60% buffer B over 5 min, hold buffer B at 80% 5 min, return to 2% B over 5 min and re-equilibrate the column for
15 min at 2% B). The DDA parameters were 1 MS scan (250 ms; mass range 400-1250) followed by up to 50 MS/MS scans
(50 ms each). Candidate ions between charge states 2-5 and above a minimum threshold of 200 counts per second were isolated
using a window of 0.7 a.m.u. Previous candidate ions were dynamically excluded for 20 s with a 50 mDa window.

The raw mass spectrometry files were stored, searched and analyzed using the ProHits laboratory information management sys-
tem (LIMS) (Liu et al., 2010). The WIFF data files were converted to MGF format using WIFF2MGF and subsequently converted to an
mzML format using ProteoWizard (3.0.4468) and the AB SCIEX MS Data Converter (V1.3 beta). The mzML files were searched using
Mascot (v2.3.02) and Comet (2014.02 rev.2). The results from each search engine were jointly analyzed through TPP (the Trans-Pro-
teomic Pipeline (Deutsch et al., 2010), (v4.7) via the iProphet pipeline (Shteynberg et al., 2011). The searched database contained the
S. cerevisiae complement of the RefSeq protein database (version 57; 12,044 forward and reverse (decoy) entries searched).

The database parameters were set to search for tryptic cleavages, allowing up to 2 missed cleavage sites per peptide, MS1 mass
tolerance of 35 ppm with charges of 2 + to 4+ and an MS2 mass tolerance of +/— 0.15 amu. Asparagine/glutamine deamidation and
methionine oxidation were selected as variable modifications.

To identify significant interaction partners from the affinity purification data, the data were subjected to Significance Analysis of
INTeractome express (SAINTexpress 3.6.1) analysis (Teo et al., 2014) implemented in ProHits. A full set of interactors meeting the
SAINTexpress 1% FDR threshold are in Table S2.
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Chemistry experimental section

Experimental methods

General details. All reactions requiring anhydrous conditions were carried out under an atmosphere of argon in oven-dried glass-
ware. Anhydrous tetrahydrofuran (THF), dichloromethane (DCM), 1,2-dichloroethane (DCE), 1,2-dimethoxyethane (DME), methanol
(MeOH), and toluene were commercially obtained. All other solvents were used as obtained. All starting materials were obtained
commercially and were used without further purification unless otherwise indicated.

Thin-Layer Chromatography was carried out on aluminum-backed plates pre-coated with silica (60 F254, Merck) and visualized by
immersion in p-anisaldehyde solution followed by heating. Purification of reaction products was carried out by flash column chroma-
tography using silica gel (SiliCycle F60, 40-63um) in the solvent systems indicated.

"H and '3C NMR Spectra were recorded using a Briiker AV600 spectrometer equipped with a 5 mm TCI or QNP cryoprobe. Chem-
ical shifts are reported in ppm and referenced to internal residual chloroform (CHCIs) at 7.26 ppm for H NMR spectra, and to the
central line of the deuterated chloroform (CDCls) triplet at 77.0 for '3 C NMR spectra; the central line of the deuterated dichlorome-
thane (CD4Cl,) triplet at 5.32 for 'H NMR spectra, and to the central line of the CD,Cl, quintet at 54.0 for 'C NMR spectra; the central
line of the deuterated dimethy! sulfoxide (DMSO-dg) quintet at 2.50 for 'H NMR spectra, and to the central line of the DMSO-dg septet
at 39.5 for '3C NMR spectra. Coupling constants, J, are given in Hz to the nearest 0.1 Hz. The multiplicity of each signal is reported as
s, d, t, g, quin, m, br denoting singlet, doublet, triplet, quartet, quintet, multiplet and broad, respectively.

High-resolution and low-resolution mass spectra were obtained by electrospray ionisation (ESI) using Waters ZQ LC-MS, Briker
Esquire LC and Waters microTOF; values are quoted as ratios of mass:charge (m/z) in Daltons.

Abbreviations used: TBDPSCI, tert-butyldiphenylchlorosilane; DMAP, N,N-dimethylpyridin-4-amine; DIBAL, diisobutylaluminum
hydride; pTSA, 4-methylbenzenesulfonic acid; PVP, poly(4-vinylpyridine); TPP, 5,10,15,20-tetraphenyl-21H,23H-porphine; TBAF,
tetrabutylammonium fluoride; DMP, Dess-Martin periodinane.

Optimized synthesis of clionamine B (2)

The optimized synthesis of clionamine B (Scheme S1) started from the readily available sapogenin tigogenin (SI1) using the general
procedures described below. Degradation of the tigogenin (SI1) side chain to the give the y-lactone SI2 was accomplished in high
yield by reaction at rt using excess peroxyacetic acid in the presence of iodine and sulfuric acid (Jiang et al., 2008; Czajkowska et al.,
2009). Mild hydrolysis of the acetate ester SI2 with MeOH and K,COj at rt gave the secondary alcohol SI3 that was protected as the
TBDPS (tert-butyldiphenylsilyl) ether to give SI4. Reduction of the lactone Sl4 with DIBAL at —78°C gave the hemiacetal SI5 that was
dehydrated with para-toluene sulfonic acid in refluxing toluene to give the enol ether SI6. A Schenck ene reaction resulting from in-
candescent lightbulb irradiation of a CH,Cl, solution of enol SI6 and catalytic meso-tetraphenylporphine purged with O, gave an in-
termediate C-21 hydroperoxy hemiacetal that was converted without isolation into the y-methylene lactone SI7 via treatment with
acetic anhydride and triethylamine. Copper (I) catalyzed conjugate addition of isopentyl magnesium bromide to the a-methylene
lactone SI7 installed the steroidal side chain found in clionamine B (2) to give SI8. The C-21 hydroxyl was added by bubbling oxygen
through a solution of lactone SI8, triethyl phosphite, and t-BuOH in DMF at —10°C followed by workup with aqueous HCI. NOE ex-
periments confirmed that the hydroxyl group at C-21 in SI9 was added from the least sterically hindered o face. Treatment of SI9 with
TBAF in refluxing THF removed the TBDPS protecting group to give the secondary alcohol SI10 that was oxidized to the ketone SI11
using Dess Martin periodinane (DMP). Reductive amination of SI11 with NH;OAc and NaBH3;CN in MeOH gave clionamine B (2) iden-
tical in all respects to the natural product in 11 steps and 2.9% overall yield. Ketone SI11 was also converted into the C-3 benzylamine
derivative RP-3-161 (5) by reductive amination with benzyl amine and NaBH(OAC)s.

General procedures for synthesis of clionamine analogs

Procedure A: oxidative degradation of spiroketal

I (30.5 mg, 0.12 mmol) was added to a mixture of H,SO,4 (54.2 puL) and acetic acid (3.33 mL) and stirred for 30 min at room temper-
ature. Steroidal sapogenin, either tigogenin or sarsasapogenin (416.6 mg, 1.0 mmol), was then added to the resulting solution. After
stirring for 10 min at room temperature, peroxyacetic acid solution (40% in acetic acid, 1.10 mL, 6.0 mmol) was added dropwise and
the reaction mixture stirred for 24 hr. The pH of the mixture was then adjusted to = pH 5 using aqueous 10% HCI which was added
slowly, dropwise. The mixture was extracted with EtOAc (3 x 30 mL), the combined organic extracts dried (MgSO,), filtered, and
concentrated under reduced pressure. The residue was then purified by Si Gel flash column chromatography.

Procedure B: saponification of acetate

K>CO3 (276.4 mg, 2 mmol) was added to a solution of sapogenin acetate (388.6 mg, 1 mmol) in methanol (30 mL). The reaction
mixture was stirred for 36 hr at room temperature, after which time it was concentrated to a few mL, redissolved in CH>Cl,
(20 mL) and H,O (15 mL) was added. The mixture was then extracted with CH,Cl, (3 x 10 mL), the combined organic extracts
were dried (MgSO,), filtered and concentrated under reduced pressure. The residue was then purified by Si Gel flash column
chromatography.

Procedure C: TBDPS protection

Imidazole (184.5 mg, 2.7 mmol), and N,N-dimethylpyridin-4-amine (6.2 mg, 0.051 mmol) were added to a solution of alcohol
(1.0 mmol) in anhydrous CH,Cl, (7 mL). After stirring for 10 min at room temperature, tert-butyldiphenylchlorosilane (435.8 mL,
412.3 mg, 1.5 mmol) was added dropwise. The mixture was then stirred for 4 hr at this temperature. MeOH (3 mL) was added
and the mixture stirred for a further 2 hr. The reaction mixture was concentrated. The residue was re-dissolved in CH,Cl, (25 mL)
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and water (12 mL) was added. The mixture was extracted with CH,Cl, (3 x 30 mL), the combined organic extracts dried (MgSO4),
filtered and concentrated under reduced pressure. The residue was then purified by Si Gel flash column chromatography.
Procedure D: reduction of lactone carbonyl

Diisobutylaluminum hydride (1.0 M in cyclohexane, 1.20 mL, 1.2 mmol) was added dropwise over 10 min to a cooled solution of
lactone (1.0 mmol) in anhydrous CH,CI, (3 mL) at —78°C. After stirring for 30 min at this temperature, a second portion of diisobu-
tylaluminum hydride (1.0 M in cyclohexane, 0.50 mL, 0.5 mmol) was added dropwise over 10 min and the reaction mixture stirred for a
further 30 min at —78°C. The reaction mixture was quenched with 0.25 mL EtOH, warmed to room temperature, then 10 mL saturated
aqueous potassium sodium tartrate solution was added and the resulting mixture stirred for 4 hr at room temperature. The mixture
was extracted with CH,Cl, (4 x 15 mL), the combined organic extracts were dried (MgSQ,), filtered and concentrated under reduced
pressure. The residue was then purified by Si Gel flash column chromatography.

Procedure E: dehydration

4-Methylbenzenesulfonic acid (16.0 mg, 0.084 mmol), poly(4-vinylpyridine) (12.6 mg, 0.12 mmol) and activated 3Amolecular sieves 8
beads) were added to a solution of tetrahydrofuranol (1.0 mmol) in anhydrous toluene (12 mL). The reaction mixture was stirred under
reflux for 1.5 hr then cooled to room temperature. The mixture was then filtered through a plug of Celite, and filtrate concentrated
under reduced pressure. The residue was then purified by Si Gel flash column chromatography.

Procedure F: formation of exo-methylene lactone

5,10,15,20-Tetraphenyl-21H,23H-porphine (2.9 mg, 4.8 umol) and NaHCO3; (58.7 mg, 0.69 mmol) were added to a solution of dihy-
drofuran (1.0 mmol) in cyclohexane (11 mL). The reaction mixture was stirred at room temperature under constant illumination from an
incandescent lightbulb, with O, constantly being bubbled through the solution for 16 hr. The reaction mixture was then concentrated
to dryness. The residue was dissolved in CH,Cl, (3 mL) and acetic anhydride (0.22 mL, 199.1 mg, 1.95 mmol) and triethylamine
(0.18 mL, 246.9 mg, 2.44 mmol) were added. This mixture was then stirred for 1 hr at room temperature followed by removal of
the solvent under reduced pressure. The residue was then purified by Si Gel flash column chromatography.

Procedure G: conjugate addition of organocuprate

To Mg turnings (600 mg, 25 mmol), previously cleared of its oxide layer using sand-paper and oven dried, in anhydrous THF (25 mL)
was added a crystal of I,. A solution of alkyl bromide (2.00 mL, 20 mmol) in anhydrous THF (29 mL) was added, and the mixture stirred
at room temperature until the purple color of iodine was no longer visible. The mixture was heated to reflux for 1 hr then cooled to
room temperature. Anhydrous THF (9 mL) was added to a round-bottomed flask containing Cul (3809.0 mg, 20 mmol) at room tem-
perature. The contents of the flask were then cooled to —78°C. The freshly prepared solution of alkylmagnesium bromide in THF
(54 mL, 20 mmol) was then added dropwise with stirring at this temperature and stirred for 10 min. A solution of exo-methylene
lactone (438.6 mg, 1.0 mmol) in THF (10 mL) was added very slowly, dropwise over 1.5 hr with vigorous stirring. The mixture was
stirred at —78°C for 0.5 hr, after which time the reaction mixture was poured directly onto a plug of silica gel, packed in EtOAc,
and eluted with EtOAc until product was no longer visible by TLC analysis. The filtrate was concentrated under reduced pressure.
The residue was then purified by Si Gel flash column chromatography.

Procedure H: TBDPS deprotection

To a solution of tert-butyldiphenylsilyl protected alcohol (1.0 mmol) in THF (8 mL) was added a tetrabutylammonium fluoride (1.0 M in
THF, 1.5 mL, 1.5 mmol). The resultant solution was heated to reflux and stirred for 48 hr. The reaction mixture was cooled to room
temperature, EtOAc (10 mL) and saturated ag. NH4Cl were added. The mixture was extracted with EtOAc (3 x 20 mL). The combined
organic phase was dried over MgSO, and evaporated under vacuum. The residue was then purified by Si Gel flash column
chromatography.

Procedure I: oxidation of alcohol

Dess-Martin periodinane (593.8 mg, 1.4 mmol) was added to a solution of alcohol (1.0 mmol) in CH,Cl, (45 mL). The reaction mixture
was stirred for 3 hr at rt, after which time it was concentrated to a few mL, re-dissolved in EtOAc (78 mL) and 78 mL of a 1:1 mixture of
sat. ag. NaHCO3: 10% aqg. Na,S,03 was added. The organic extract was washed with H,O (30 mL) and brine (30 mL). The aqueous
extracts were then back extracted with EtOAc (3 x 40 mL) and all the organic extracts were combined and washed with H,O (15 mL)
and brine (8 mL). The organic extract was dried (MgSQ,), filtered and concentrated under reduced pressure. The residue was then
purified by Si Gel flash column chromatography.

Procedure J: reductive amination

Ammonium acetate (770.8 mg, 10 mmol) was added to a solution of ketone (1.0 mmol) in anhydrous methanol (42.5 mL) at 30°C.
Sodium cyanoborohydride (62.8 mg, 1.0 mmol) was added and the reaction mixture stirred for 12 hr at 30°C. The reaction mixture
was quenched with ag. 10% HCI until pH 2. The mixture was concentrated under reduced pressure. The residue was dissolved in
CH.Cl, (10 mL) and H>O (5 mL) and aqueous 5N NaOH was then added to = pH 10 and stirred for 4 hr at rt. The organic layer
was separated and the aqueous layer extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were dried (MgSO4), filtered
and concentrated under reduced pressure. The residue was then purified by Si Gel flash column chromatography.

Procedure K: reductive amination

Benzylamine (131 pL, 128.6 mg, 1.2 mmol) was added to a solution of ketone (1.0 mmol) in anhydrous 1,2-dichloroethane (44 mL) at
room temperature. The reaction mixture was stirred for 2 hr at room temperature. Glacial acetic acid (57.2 uL, 1.0 mmol) was added
and stirred for a further 2 hr at rt. Sodium triacetoxyborohydride (211.9 mg, 1.0 mmol) was added in two portions, 0.50 mmol was
added first and the reaction mixture stirred for 5 hr at rt, then 0.50 mmol was added and the mixture stirred for a further 24 hr
at rt. The reaction mixture was quenched with saturated aqueous NaHCO3 (50 mL), and extracted with EtOAc (3 x 50 mL). The
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combined organic extracts were dried (MgSQ,), filtered and concentrated under reduced pressure. The residue was purified by Si
Gel flash column chromatography.

Characterization of synthetic clionamines

Clionamine B (2): (Forestieiri et al., 2013). yellow wax; Rf: 0.03 (100% ethyl acetate); "H NMR (600 MHz, DMSO-dp): 6 4.99-4.92 (1H,
m), 3.11-3.01 (1H, m), 2.18-2.09 (1H, m), 2.07-2.02 (1H, m), 1.83-1.76 (1H, m), 1.76-1.69 (1H, m), 1.68-1.56 (3H, m), 1.56-1.37 (6H,
m), 1.37-1.30 (2H, m), 1.30-1.25 (2H, m),1.25-1.02 (10H, m), 0.94-0.79 (8H, m), 0.76-0.70 (1H, m), 0.72 (3H, s), 0.68 (3H, s), 0.69-0.59
(1H, m). '®C NMR (150 MHz, DMSO-dg): 6 177.4, 82.0, 75.7, 61.2, 45.1, 40.1, 38.9, 38.1, 38.1, 35.9, 34.0, 31.6, 31.4, 31.1, 28.1, 27.5,
22.8,22.3,22.3,20.9,19.6, 13.4, 11.2. LRMS (ESI+): 432.3 [M+H]*; HRMS (ESI+): [M+H]* 432.3478 calculated for C,7H4s03N; found
432.3475.

Compound 2.5.4 (5): white solid; Rf: 0.24 (60% EtOAc/hexanes); "H NMR (600 MHz, DMSO-dg): 6 7.36 —7.30 (4 H, m), 7.25 - 7.22
(1H,m),5.07(1H,m),3.77 (1 H, br.s),2.89 (1 H, br.s),2.21 (1 H,m),2.09 (1 H, m), 1.96-1.90(1 H, m), 1.84-1.79 (1 H, m), 1.75-1.69
@H,m),1.69-1.46(7H, m),1.46-1.32(5H, m), 1.32-1.16 O H, m), 1.14-1.07 2 H, m), 0.98 - 0.92 (1 H, m), 0.90 (3 H, d, J =4.3),
0.89(3H,d,J=4.3),0.86-0.83 (1 H, m), 0.80 (3H, s), 0.79 (3 H, s); "*°C NMR (150 MHz, DMSO-d): 6 177.8, 141.1, 128.5, 128.4 (2C),
128.2,126.9, 83.1, 77.5, 61.5, 56.0, 53.9, 51.4, 51.2, 40.5, 39.4, 39.3, 38.3, 36.2, 34.5, 32.6, 32.2, 31.9, 31.8, 31.4, 29.7, 28.4, 27.9,
22.7,22.4,21.1, 20.0, 13.8, 11.6; LRMS (ESI+): 522.4 [M + H]*; HRMS (ESI+): [M+H]* 522.3947 calculated for C34Hs,03N; found
522.3951.

Compound 2.3.4 (6): white solid, Rf: 0.31 (60% EtOAc/hexanes); 'H NMR (600 MHz, CDCl,): 6 7.37 - 7.29 (4 H, m), 7.27 - 7.21 (1 H,
m), 4.77-4.72 (1 H, m), 3.78-3.70 (2 H, m), 2.94-2.92 (1 H, m), 2.66 - 2.60 (1 H, m), 2.28 - 2.24 (1 H,m), 2.24-2.17 (1 H, m), 1.97 -
1.83(4H, m),1.71-1.58 (3H, m), 1.58 = 1.34 (9 H, m), 1.34 - 1.04 (10 H, m). 0.95 (3 H, s), 0.89 (3H, s), 0.88 (3H, 5), 0.82 (3 H, ). '*C
NMR (150 MHz, CDCls): 6 179.1, 141.0, 128.3 (2C), 128.1 (2C), 126.8, 82.7, 55.7, 54.7, 51.8, 51.3, 44.1, 42.3, 39.9, 39.3, 38.9, 36.8,
35.3,34.9, 32.5, 31.1, 30.4, 29.7, 27.8, 26.9, 26.7, 26.4, 25.8, 24.0, 22.6, 22.6, 20.2, 13.8. LRMS (ESI+): 506.3 [M+H]*; HRMS (ESI+):
[M+H]* 506.3998 calculated for Cz4Hs,0,N; found 506.3999.

Compound 2.3.6 (7): white solid; Rf: 0.32 (60% EtOAc/hexanes). '"H NMR (600 MHz, CDCl,): 6 7.35—-7.29 (4 H, m), 7.25-7.21 (1 H,
m), 4.93 (1 H, m),3.78-3.70(2H, m),2.95 (1 H, br. s),2.57 (1H, m),2.25(1 H, m), 1.94-1.87 (2H, m), 1.86 (1H,d,J=7.6),1.79-1.73
(1H,m),1.72-1.66 (1 H,m), 1.52 (2 H, m),1.51-1.40(6H, m), 1.35(1 H,m), 1.33-1.29 (4 H, m), 1.29-1.23 (1 H, m), 1.19-1.15(1 H,
m), 1.15-1.05 (3 H, m), 0.96 (3H, s), 0.73 (3 H, s). "*C NMR (150 MHz, CDCl5): 6 181.4, 141.0, 128.3 (2C), 128.1 (2C), 126.7, 82.9, 59.1,
54.7,51.8,51.3, 41.8, 40.1, 38.6, 36.7, 36.0, 35.3, 35.1, 33.0, 31.1, 30.4, 26.7, 26.5, 24.8, 23.9, 20.3, 18.0, 13.8. LRMS (ESI+): 436.5
[M+H]*; HRMS (ESI+): [M+H]* 436.3216 calculated for CogH4202N; found 436.3221.

Compound 2.5.1 (8): white solid; Rf: 0.29 (60% EtOAc/hexanes); "H NMR (600 MHz, CDCly): 6 7.35-7.29 (4 H, m), 7.25-7.21 (1 H,
m), 4.93 (1 H, m), 3.78-3.71 (2 H, m), 2.90-2.86 (1 H,m), 2.56 (1 H, m),2.25(1H, m), 1.85(1 H, m), 1.76 - 1.72 (1 H, m), 1.69 - 1.64
(1H,m),1.62-1.59(1 H,m), 1.58-1.54 (1 H, m),1.53-1.38 (6 H, m), 1.35-1.27(2H, m), 1.30(8H, m), 1.27-1.22 (2H, m), 1.22-1.16
(2H, m), 1.10-1.01 (2H, m), 0.98-0.89 (1 H, m), 0.81-0.75 (1 H, m), 0.80 (3 H, s), 0.73 (3 H, s); "*C NMR (150 MHz, CDCI3): 5 181.4,
141.1,128.3 (2 C), 128.0 (2 C), 126.7, 82.8, 59.0, 54.7, 54.4, 51.4 (2 C), 41.7, 39.5, 38.3, 36.3, 36.0, 34.8, 33.3, 32.9, 32.6, 32.1, 28.4,
25.9,20.0, 17.9, 13.8, 11.5; LRMS (ESI+): 436.5 [M+H]"; HRMS (ESI+): [M+H]* 436.3216 calculated for Co9H4,0,N; found 436.3219.

Compound 2.5.6 (9): white solid; Rf: 0.68 (neat EtOAc); 'H NMR (600 MHz, CDCl3): 6 4.75 (1 H, m), 3.62 - 3.55 (1 H, m), 2.62 (1 H,
m), 2.28-2.18(2H, m), 1.97-1.89(1H, m),1.87-1.83(1 H,m),1.83-1.78 (1 H, m), 1.73-1.65 (2 H, m), 1.65-1.60 (1 H, m), 1.60 -
1.52(4H,m),1.52-1.31(6H, m),1.31-1.28(2H, m), 1.28-1.21 2H, m), 1.21-1.15(2H, m), 1.13-1.09 (1 H, m), 1.07 (1 H, m), 0.96
(1H, m),0.88 (6 H, m),0.82 (3H, s),0.82 (3 H, s),0.68—0.62 (1 H, m); "*C NMR (150 MHz, CDCI3): 6 179.0, 82.6, 71.2, 55.5, 54.6, 54.1,
44.7,44.0, 42.2, 39.0, 38.9, 38.1, 36.9, 35.5, 34.6, 32.4, 32.0, 31.4, 28.4, 27.8, 26.9, 25.8, 22.6, 22.5, 20.4, 13.8, 12.3; LRMS (ESI+):
416.4 [M+H]*; HRMS (ESI+): [M+H]* 416.3529 calculated for Co7H4602N; found 416.3529.

Compound 2.5.5 (10): yellow wax; Rf: 0.29 (60% EtOAc/hexanes); 'H NMR (600 MHz, CDCls): 6 7.38 - 7.28 (4 H, m), 7.27 - 7.21
(1H,m),4.74(1H,m),3.77 (1 H, br.s),2.89 (1 H, br. s),2.62 (1 H,m),2.29-2.23(1 H, m),2.23-2.16 (1 H,m), 1.97-1.89 (1 H, m), 1.87
-1.81(1H,m),1.70-1.38 (14 H, m), 1.38-1.14 (9 H, m), 1.10-1.03 (1 H, m), 0.97 - 0.90 (1 H, m), 0.88 (6 H, m), 0.85-0.75 (1 H, m),
0.81(3H,s),0.79 (3 H, s); "*C NMR (150 MHz, CDCly): 6 179.1, 141.1,128.3 (3C), 128.1, 126.8, 82.6, 55.6, 54.6, 54.1, 51.4, 51.3, 44.0,
42.2,39.5,39.1,38.9, 36.3, 34.6, 32.6, 32.4, 32.0, 29.7, 28.4, 27.8, 26.9, 25.8, 22.6, 22.5, 20.0, 13.8, 11.6; LRMS (ESI+): 506.5 [M+H]*;
HRMS (ESI+): [M+H]* 506.3998 calculated for C3s4H5,05N; found 506.3991.

Compound 2.7.5 (11): yellow wax; Rf: 0.25 (neat EtOAc); 'H NMR (600 MHz, DMSO-dg): 6 7.48 — 7.42 (1H, m), 7.36 - 7.26 (3H, m),
7.23-7.17(1H,m),5.13-5.06 (1H, m), 4.92-4.84 (1H, m), 3.73-3.60 (1H, m), 2.78-2.71 (1H, m), 2.47 -2.41 (1H, m), 2.22 -2.14 (1H,
m), 2.03-1.92 (3H, m), 1.74 - 1.60 (2H, m), 1.65 (3H, s), 1.60-1.53 (3H, m), 1.56 (38H, s), 1.53-1.41 (5H, m), 1.41 -1.25 (7H, m), 1.25—
1.02 (6H, m), 0.95 - 0.78 (2H, m), 0.78 - 0.71 (1H, m), 0.76 (3H, s), 0.69 - 0.59 (1H, m), 0.64 (3H, s); '°C NMR (150 MHz, DMSO-dg):
6 179.9, 131.2,128.0, 127.9, 124.0, 82.4, 55.8, 53.9, 53.8, 50.5, 41.2, 40.6, 38.8, 37.5, 35.9, 34.4, 32.6, 31.9, 30.9, 28.1, 27.2, 27 .1,
25.5,19.7,17.6, 13.6, 11.4. LRMS (ESI+): 518.8 [M+H]"; HRMS (ESI+): [M+H]* 518.3998 calculated for C35Hs,02N; found 518.3989.

Compound 2.10.1 (12): white solid; Rf: 0.27 (neat EtOAc); "H NMR (600 MHz, DMSO-dg): 6 5.13 - 5.05 (1H, m), 4.92 - 4.85 (1H, m),
2.77-2.66 (1H, m), 2.47 - 2.40 (1H, m), 2.36 — 2.24 (2H, m), 2.23 - 2.13 (1H, m), 2.08 - 1.92 (3H, m), 1.80-1.71 (2H, m), 1.70 - 1.59
(10H, m), 1.59-1.54 (4H, m), 1.54-1.41 (7H, m), 1.41-1.30 (5H, m), 1.30-1.03 (14H, m), 0.94 - 0.79 (4H, m), 0.79-0.66 (1H, m), 0.75
(3H, s),0.63 (3H, s); '3C NMR (150 MHz, DMSO-dg): 6 179.9, 131.2, 124.0, 82.4, 55.8, 53.8, 41.2, 40.6, 38.7, 37.5, 5.9, 34.4, 32.6, 31.9,
31.2,31.1,30.9, 27.1, 26.3, 25.6, 25.5, 17.6, 13.6, 11.4; LRMS (ESI+): 524.5 [M+H]*; HRMS (ESI+): 524.4469 [M+H]* calculated for
CssHs502N; found 524.4468.
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Compound 2.9.4a (13): "H NMR (600 MHz, CD,Cl,): 6 7.35 - 7.25 (6H, m), 7.23 - 7.14 (4H, m), 4.89 — 4.84 (1H, m), 3.70 - 3.59 (2H,
m), 2.76 -2.69 (1H, m), 2.64 - 2.55 (2H, m), 2.49-2.45 (1H, m), 2.20-2.14 (1H, m), 1.98 - 1.94 (1H, m), 1.90-1.73 (1H, m), 1.71-1.58
(5H, m), 1.58 - 1.41 (6H, m), 1.37 -1.24 (5H, m), 1.24 - 1.02 (6H, m), 0.94 - 0.84 (1H, m), 0.79 - 0.69 (1H, m), 0.75 (3H, s), 0.64 (3H, s);
3C NMR (150 MHz, CD,Cl,): 6 179.9, 141.8, 128.3, 128.0, 127.9, 126.3, 125.8, 82.5, 55.8, 53.9, 53.8, 50.8, 50.6, 41.2, 40.5, 38.8, 37 .4,
35.9,34.7,34.4,32.6,32.2,31.9, 30.8, 28.9, 28.2, 25.5, 19.7, 13.6, 11.4; LRMS (ESI+): 540.4 [M+H]*; HRMS (ESI+): 540.3842 [M+H]*
calculated for C37H5005N; found 540.3845.

Compound 2.9.9 (14): white solid; Rf: 0.05 (neat EtOAc); 'H NMR (600 MHz, DMSO-dj): 6 7.36 — 7.25 (6H, m), 7.23 - 7.15 (4H, m),
5.75-5.69 (1H, m), 4.98 -4.92 (1H, m), 3.75-3.59 (2H, m), 3.45-3.21 (1H, m), 2.77-2.70 (1H, m), 2.68 - 2.55 (2H, m), 2.16 — 2.07 (1H,
m), 2.03-1.91 (2H, m), 1.89-1.79 (1H, m), 1.65-1.36 (9H, m), 1.36 - 1.22 (6H, m), 1.22 -0.97 (7H, m), 0.93-0.79 (1H, m), 0.78 - 0.65
(1H, m), 0.73 (3H, s), 0.61 (3H, s); '°C NMR (150 MHz, DMSO-dg): 6 177.3, 141.9, 128.4, 128.2, 128.1, 128.1, 128.0, 127.9, 127.9,
127.9, 126.4, 125.7, 82.0, 75.6, 61.2, 55.1, 53.4, 50.8, 50.6, 40.1, 39.9, 38.7, 38.0, 35.8, 35.5, 34.0, 32.8, 32.1, 31.6, 31.1, 30.6,
28.1, 25.5, 25.4, 19.6, 13.3, 11.4; LRMS (ESI+): 556.2 [M+Na]*; HRMS (ESI+): 556.3791 [M+H]* calculated for Cs7H50,03N; found
556.3782.

Compound 3.3.3 (15): yellow wax; Rf: 0.23 (60% EtOAc/hexanes); 'H NMR (600 MHz, DMSO-dg): 6 7.37 = 7.26 (4H, m), 7.24-7.18
(1H, m), 4.93-4.87 (1H, m), 3.74 -3.60 (2H, m), 2.79-2.72 (1H, m), 2.69 - 2.64 (1H, m), 2.49-2.44 (1H, m), 2.22 -2.15(1H, m), 1.99 -
1.95(1H, m), 1.72-1.67 (1H, m), 1.66 - 1.60 (2H, m), 1.60 - 1.39 (11H, m), 1.38 -1.25 (5H, m), 1.22 (3H, s), 1.21-1.18 (3H, m), 1.18 -
1.04 (5H, m), 0.95 — 0.83 (1H, m), 0.78-0.72 (1H, m), 0.76 (3H, s), 0.65 (3H, s). '*C NMR (150 MHz, DMSO-dg): 6 179.8, 141.3, 127.9,
126.4, 82.4, 62.9, 62.8, 57.5, 55.8, 55.8, 53.9, 53.8, 50.5, 41.2, 40.7, 40.5, 38.7, 37.4, 35.9, 34.4, 32.6, 32.1, 31.8, 31.0, 30.9, 28.1,
27.9, 27.8, 24.6, 24.0, 23.9, 19.6, 18.6, 13.5, 11.4. LRMS (ESI+): 534.3 [M+H]*; HRMS (El): 533.38689 [M]* calculated for
C35H51 O3N, found 533.38751.

Compound 3.2.7 (16): yellow wax; Rf: 0.57 (10% MeOH/CH,Cl,); "H NMR (600 MHz, DMSO-dg): 6 7.35-7.16 (5H, m), 4.92 - 4.85
(1H, m), 4.37-4.30 (1H, m), 4.07 - 4.03 (1H, m), 3.70-3.59 (2H, m), 3.10-3.03 (1H, m), 2.75-2.69 (1H, m), 2.65-2.60 (1H, m), 2.47 -
2.41 (1H, m), 2.23-2.15 (1H, m), 2.02 - 1.94 (1H, m), 1.73-1.66 (1H, m), 1.66 - 1.61 (1H, m), 1.60 - 1.42 (8H, m), 1.37 — 1.27 (5H, m),
1.27-1.05 (10H, m), 1.05-1.01 (2H, m), 1.00-0.94 (2H, m), 0.94 - 0.82 (2H, m), 0.82 - 0.69 (1H, m), 0.76 (3H, s), 0.64 (3H, s). '*C NMR
(150 MHz, DMSO-dg): 6 180.1, 141.5, 129.7, 128.5, 82.4, 77.2, 76.9, 75.8, 71.6, 63.1, 55.7, 53.9, 41.2, 40.7, 37.5, 34.3, 33.7, 32.6,
31.7, 31.3, 30.5, 30.3, 29.0, 28.7, 26.4, 26.3, 24.5, 24.3, 22.1, 19.6, 13.9, 13.6, 11.3; LRMS (ESI+): 552.5 [M+H]*; HRMS (ESI+):
552.4053 [M+H]* calculated for Ca5Hs304N; found 552.4034.

Compound 3.3.5 (17): orange wax; Rf: 0.43 (10% MeOH/CH,Cl,); "H NMR (600 MHz, CH,Cl,): 6 7.48 — 7.43 (1H, m), 7.43 - 7.36
(1H, m), 7.36 -7.31 (1H, m), 7.31 -7.25 (1H, m), 4.86 —4.80 (1H, m), 4.15-4.07 (2H, m), 4.03 (1H, s), 3.48 - 3.38 (1H, m), 3.15-3.06 (1H,
m), 2.49-2.39 (2H, m), 2.28-2.18 (1H, m), 1.97-1.90 (1H, m), 1.81-1.63 (6H, m), 1.63-1.38 (10H, m), 1.38-1.18 (6H, m), 1.18-1.14
(3H, m), 1.14—1.11 (3H, m), 1.08 -0.93 (3H, m), 0.86 - 0.81 (2H, m), 0.79 (3H, s), 0.71 (3H, s), 0.74 - 0.67 (1H, m). '*C NMR (150 MHz,
CH.Cl,): 6 180.9, 141.3,129.7,129.3, 128.9, 83.5, 83.5, 81.9, 79.6, 77.0, 76.8, 73.4, 57.2,57.1,54.8, 52.8, 50.5, 41.9, 41.9, 39.6, 38.6,
36.5, 35.2, 33.4, 32.3, 32.2, 31.2, 31.2, 28.5, 25.3, 25.1, 21.5, 20.5, 19.7, 14.3, 11.6; LRMS (ESI+): 590.5 [M+H]*; HRMS (ESI+):
590.4209 [M+H]* calculated for CagHs504N; found 590.4211.

BIOCB (18): (see Scheme S1) "TH NMR (600 MHz, DMSO-dp): 6 8.04 — 7.95 (1H, m), 6.52 — 6.41 (2H, m), 5.78 — 5.69 (1H, m), 4.99 —
4.91 (1H, m), 4.32 - 4.27 (1H, m), 4.16 - 4.08 (1H, m), 3.73 - 3.68 (1H, m), 3.64 — 3.59 (1H, m), 3.39 - 3.33 (3H, m), 3.18 - 3.11 (3H, m),
2.93-2.89(1H, m), 2.83-2.77 (1H, m), 2.60-2.54 (1H, m), 2.15-2.08 (1H, m), 2.08 - 2.00 (4H, m), 1.90-1.81 (1H, m), 1.81-1.73 (1H,
m), 1.73-1.53 (7H, m) 1.53 - 1.36 (10H, m), 1.36 — 1.00 (15H, m), 0.92 - 0.80 (9H, m), 0.77 — 0.69 (3H, m), 0.65 (3H, s), 0.68 - 0.57 (1H,
m). "C NMR (150 MHz, DMSO-dg): 6 177.4, 172.3, 162.9, 82.0, 75.7, 69.8, 69.8, 69.8, 69.7, 69.7, 69.7, 69.6, 69.3, 69.1, 66.6, 65.8,
61.1,59.3,59.2, 55.9, 55.5, 55.0, 52.9, 44.1, 42.9, 38.5, 38.4, 38.1, 36.0, 35.4, 35.3, 35.2, 35.1, 33.9, 31.4, 31.4, 31.2, 28.3, 28.1, 27..5,
25.4,22.8, 22.4, 21.0, 13.4, 11.8. LRMS (ESI+): 877.9 [M+H]*; HRMS (ESI+): [M+H]* 877.5724 calculated for C47Hg1OgN,S; found
877.5734.

QUANTIFICATION AND STATISTICAL ANALYSIS

Autophagy Stimulation: Figures S1 and S2: Software - Microsoft Excel for Mac, data are means of replicate measurements of punc-
tate flourescence, n = 3.

Mtb Infection and THP-1 Cytotoxicity, Figures 2, 3B, 3C, 5B, 5C, 6B, and 6C: Details regarding statistical tests and analysis for
Mtb infection experiments, cell cytotoxicity due to compound treatment, and gPCR results can be found in their respective figure
legends and the method details sections. Data are presented as the mean + or + SEM of the indicated n where n is the number of
replicate wells of 96-well plate(s), representative of two to four separate experiments. For all dose response curves, non-linear regres-
sion was used to fit the data of the log (inhibitor) vs. response (variable slope) curve using Graphpad Prism analysis software. Sta-
tistical analysis was performed using the indicated t tests using Graphpad Prism software.

Chemical Genetics, Figures 3D-3G, 6D-6G, S3, and S5: Chemical-genetic interactions were computed as z-scores representing
the standard deviation of each strain in the condition profile with respect to its counterpart strain in the reference DMSO profile.
Chemical-genetic interaction z-scores (CG z-scores) were calculated by comparing the profile of log read counts from each condition
across all strains in a mutant collection to a reference profile of log read counts across all strains. The reference profile was calculated
as the log of strain-wise average profiles across all DMSO (vehicle only control) read count profiles, excluding read counts less than
20 which were excluded from the calculation. The log read count profile for each condition was LOWESS normalized with respect to
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the reference DMSO profile. A condition-specific standard deviation and a reference (DMSO) standard deviation vector was used to
calculate z-scores. The condition-specific standard deviation was calculated on the middle 75% of strain-wise deviations between
each condition profile and reference profile. The reference standard deviation vector was calculated using all DMSO control profiles
(n>3 per screen), as the square root of the LOWESS-derived estimate (span = 30%) of the squared deviations with respect to the
reference profile. Separate standard deviation vectors were computed for positive interactions and negative interactions, and the
final reference standard deviation vector was specific to each individual condition depending on the signs of the deviations in that
condition. Chemical genetic z-scores were then calculated as the deviation from the reference divided by the larger value among:
1) the condition-specific standard deviation, or 2) the positive or negative standard deviation from the reference S.D. vector. Since
CG profiles do not follow a normal distribution, Tukey’s method (Tukey, 1977) was used to determine extreme outliers in a profile
based on the interquartile range of the distribution of CG z-scores. Profiles at concentrations that showed the best separation be-
tween outlier chemical genetic interactions and the mean z-score for all interactions in the profile were selected as the representative
profiles for each mutant pool.

Plk1 Inhibition in the TGN, Figure 4D: Box and whisker plot showing the peak TGN fluorescence intensity after 1 hour of the indi-
cated treatments. The boxes show the inter-quartile range (1st-3rd), the whiskers show the highest and lowest measurements
excluding outliers, and the horizontal bar within each box shows the median. n = 53 represents the number of yeast cells sampled.
Asterisks indicate p-value < 0.05 according to unpaired two-tailed student’s t-tests. Software - Imaged and Microsoft Excel.

MS/MS pulldown data, Figure 5A: Proteins that most strongly interact with biotinylated Clionamine B were determined by AP-MS
from a wildtype S. cerevisiae strain (BIOCB (18), n=3, SAINT FDR <1%) as well as a strain that overproduced PIK1 (BIOCB (18) -
PIK1). The mean spectral count for each interacting protein was calculated. Samples that were loaded with biotinylated cholesterol
and beads alone served as controls. To identify significant interaction partners from the affinity purification data, the data were sub-
jected to Significance Analysis of INTeractome express (SAINTexpress 3.6.1) analysis (Teo et al., 2014) implemented in ProHits. To
perform SAINTexpress analysis, samples generated with immobilized biotinylated compounds were compared to beads-only con-
trols and to beads onto which cholesterol (instead of RP-3-161) was immobilized. Controls (seven) were compressed to four virtual
controls in which the highest spectral counts value for each prey were kept to increase stringency in scoring. Each of the four bio-
logical replicate purifications from compound RP-3-161, including the purification exposed to lysate overexpressing PIK1, were
analyzed with SAINT separately and the Averaged SAINTexpress value across the four replicates was used to calculate the Bayesian
FDR (this ensures that only those hits that are confidently detected across all replicates are reported). Proteins with FDR below or
equal to 1% were considered to be statistically significant. The clionamine B-PIK1 interaction is only observed using cell lysate ex-
tracted from a PIK1 overproducing yeast strain, but is 7-fold stronger than the cholesterol-PIK1 interaction from the same overpro-
ducing strain (BIOCB (18)-PIK1, n =1; Cholesterol-PIK1, n =2)
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