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ABSTRACT: Despite significant advances in antimalarial
chemotherapy over the past 30 years, development of
resistance to frontline drugs remains a significant challenge
that limits efforts to eradicate the disease. We now report the
discovery of a new class of antimalarials, salinipostins A—K,
with low nanomolar potencies and high selectivity indices
against mammalian cells (salinipostin A: Plasmodium falcipa-
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rum ECgy SO nM, HEK293T cytotoxicity ECg, > SO 4#M). These compounds were isolated from a marine-derived Salinospora sp.
bacterium and contain a bicyclic phosphotriester core structure, which is a rare motif among natural products. This scaffold
differs significantly from the structures of known antimalarial compounds and represents a new lead structure for the
development of therapeutic targets in malaria. Examination of the growth stage specificity of salinipostin A indicates that it
exhibits growth stage-specific effects that differ from compounds that inhibit heme polymerization, while resistance selection
experiments were unable to identify parasite populations that exhibited significant resistance against this compound class.

B INTRODUCTION

Despite significant efforts toward the eradication of malaria, this
vector-borne disease continues to be a major source of
morbidity and mortality, particularly in Sub-Saharan Africa,
where it imparts a devastating socioeconomic burden.' A recent
survey by the World Health Organization estimates that there
were 216 million cases of malarla in 2010, mostly affecting
children under S years of age.” The causative agents are
eukaryotic intracellular parasites of the genus Plasmodium, of
which Plasmodium falciparum causes the most severe form.
Disease progression begins with an asymptomatic proliferation
phase in the liver, followed by release into the bloodstream
where parasites invade and replicate within host erythrocytes.
Subsequent egress and reinvasion of erythrocytes results in a
massive increase in parasitemia and causes many of the
symptoms associated with malaria infections, which can
ultimately lead to death if left untreated.’

A majority of research in antimalarial drug discovery has
focused on small molecules that affect parasite growth in the
blood stage, which has heralded numerous successes. However,
difficulties in adrmnlstratlon in endemic regions and resistance
to multiple therapeutlcs, S including the current gold standard
artemisinin,””® have necessitated the search for novel chemical
scaffolds to combat this disease. There is a strong impetus to
identify compounds that have new molecular targets, to which
parasite populations would have no inherent resistance. While
compound libraries, such as the malaria box,” are valuable
resources for druglike antimalarial chemical scaffolds, the
limited structural diversity of such libraries may reduce the
number of cellular targets that can be accessed using these
approaches. Due to the vast structural diversity of natural
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products,10 in conjunction with their historical successes as
antimalarials, it has been suggested that they hold promise as
the source for next-generation therapeutics for malaria."*

Marine natural products have become a well-established
source of new bioactive lead compounds, which is exemplified
by the growing representation of these compounds in
preclinical or clinical trials."”> The description of the first
marine obligate actinomycete genus, Salinispora, and the
subsequent full genome sequence of Salinispora tropica has
provided molecular evidence for biosynthesis of chemically
diverse compounds by marine bacteria.'>'* Among these, the
discovery and clinical advancement of the proteasome inhibitor
salinosporamide A'>'® has inspired continued research into
marine natural products as a source of clinically relevant lead
compounds. In addition to development as a therapeutic for
multiple myeloma, salinosporamide A also exhibits antimalarial
activity,'” demonstrating the value of marine Actinobacteria for
global health drug discovery.

As part of our platform for lead compound discovery against
infectious disease targets, we screened our bacterially derived
marine natural products library against P. falciparum in order to
discover novel chemotypes with potentially new modes of
action (MOAs) that may serve as starting points for next-
generation antimalarials. From these screening efforts, we
identified salinipostin A (1) as a structurally unique antimalarial
with potent inhibition of P. falciparum growth (ECgy = SO nM)
and a high selectivity index (SI > 10°) (Figure 1, Table 1).
Salinipostin A is produced by a Salinispora sp. (GenBank:

Received: October 24, 2014
Published: January 13, 2015

DOI: 10.1021/j05024409
J. Org. Chem. 2015, 80, 1312—-1320


pubs.acs.org/joc
http://dx.doi.org/10.1021/jo5024409

The Journal of Organic Chemistry

Featured Article

R1
(o]
o. 07T\
Rz \\P/ o]
/\/\/\/\/\/\/\/04 \O
Salinipostin A (1)
ECSO =50 nM
N
HN/k/\/ ~
X
—
Cl N
Chloroquine Artemisinin
EC50 =10 nM EC50 =5nM
Cl
NH,
NT X
PP
HN" N

Atovaquone
EC50 =3.4nM

Pyrimethamine
ECgy = 15.4 nM

Figure 1. Structure of salinipostin A and other antimalarials.

Table 1. In Vitro Screening Results for Salinipostin A

cell type ECy, (uM)
P. falciparum W2 0.05
HFF >50
HEK-293T >50
U208 >S50
AsPC-1 >50

KP250536) isolated from a marine sediment sample and is a
new example of the diversity of metabolites produced by this
genus.'® Further exploration into the biosynthetic potential of
the producing organism uncovered 10 structurally related
family members, salinipostins B—K (2—11). Screening of this
library against P. falciparum revealed that relatively minor
changes in chemical structure between analogues cause marked
changes in potency. Due to the rare cyclic phosphotriester
backbone of this molecule, the lack of structural similarity to
any existing antimalarials, and the intriguing structural activity
relationship (SAR) between analogues, we investigated the
MOA of salinipostin A using a combination of microscopy and
resistance selection assays. While these experiments were
unable to definitively identify the molecular target, the results
suggest that this compound class may be less susceptible to the
facile development of resistance and indicate that further
studies into the biological role(s) of this new class of
compounds are warranted.

B RESULTS AND DISCUSSION

Identification of salinipostins A—K. To identify novel
antimalarial lead compounds, we screened our marine
bacterially derived prefractionated natural products library
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against the chloroquine resistant W2 strain of P. falciparum.
One of the prefractions, from a Salinispora sp., displayed potent
activity against P. falciparum but did not cause growth
inhibition or elicit a biologically active phenotype in HelLa
cells in our cytological profiling assay.'’Analysis of this
prefraction by LCMS revealed a family of related compounds
with mass differences of 14 amu, suggesting analogues with
variable numbers of methylene or methyl groups (Figure S,
Supporting Information). These compounds were purified by
reversed-phase (RP)-HPLC, and their activities were reassessed
using the original assay conditions. These data identified
salinipostin A (1) as the most potent compound against P.
falciparum (ECgy = S0 nM). While the prefraction containing all
of the salinipostins had previously not shown any activity
against HeLa cells, salinipostin A was screened as a pure
compound against an additional four mammalian cell lines. No
significant growth inhibition was observed at a 1000-fold higher
concentration than the ECs, in P. falciparum (Table 1 and
Supporting Information). On the basis of this potency and
selectivity, salinipostin A (1) was chosen as our lead candidate
in follow-up biological studies.

Structure Elucidation of the Salinipostins. On the basis
of the analysis of HRESITOFMS and NMR data, the molecular
formula of salinipostin A was determined to be C,sH,sO4P,
giving the molecule five degrees of unsaturation. To determine
the planar structure, extensive one- and two-dimensional NMR
experiments were performed. Analysis of these data (gCOSY,
TOCSY, gHSQC, and gHMBC) indicated that salinipostin A
possessed three separate spin systems (Figure 2). The first
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Figure 2. Structure elucidation of salinipostin A indicating key gCOSY
and gHMBC correlations.

corresponded to a butyl chain that was determined to be allylic
based on the chemical shifts of the terminal methylene protons
at 0 2.79 and 2.97. The second spin system was revealed to be a
saturated fatty alcohol chain, with multiple overlapping
resonances in the methylene region. The final spin system
consisted of one tertiary carbon flanked by two sets of
diastereotopic methylenes on oxygenated secondary carbons.
Key gHMBC correlations from this spin system to carbons with
chemical shifts of & 165.5, 168.9, and 110.3 revealed the
presence of an @,f-unsaturated lactone. The protons from the
butyl chain showed gHMBC correlations to carbons with
chemical shifts of 6 168.9 and 110.3, allowing for the placement
of this chain at the f-position of the lactone (Figure 2). The
saturated alcohol chain was determined to be a pentadecyl
alcohol based on integration of the 'H spectrum and the
remaining molecular formula of C;sH; O,P. With PO as the
only unassigned atoms, and two remaining degrees of
unsaturation, these three fragments were linked together
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Table 2. Biological Evaluation of Salinipostins A—K against P. falciparum W2
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Salinipostin B (2)

Salinipostin D (4)

Salinipostin G (7)
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0.050 uM 0.266 uM 0.126 uM
C:15H31 Salinipostin A (1) - Salinipostin F (6) Salinipostin | (9)
0.139 uM 0.082 uM 1.52 uM 49.6 uM
Ci4H2g " " " H

Salinipostin J (10)

C13H27)\

0.415 uM
Salinipostin C (3)

3.22 uM
Salinipostin E (5)

8.70 uM
Salinipostin H (8)

32.0 uM
Salinipostin K (11)

through a cyclic phosphotriester, resulting in the full planar
structure of salinipostin A as shown in Figure 2. The presence
of the phosphorus atom was verified by *'P NMR, which
revealed a single resonance at 6 —12.0S ppm, consistent with
that of a phosphate triester.”° The placement of the
phosphotriester at this position was corroborated by the
presence of both *Jcp and *J¢p coupling to neighboring carbon
atoms C-1, C-5, C-6, and C-a (Figure S2, Supporting
Information). While the length of the pentadecyl chain was
calculated based on the molecular formula and integration of
the 'H NMR spectrum, this assignment was subsequently
verified by MS/MS fragmentation. Fragmentation of the fatty
alcohol chain allowed for the simultaneous determination of the
mass of the saturated carbon chain and the bicyclic
phosphotriester core (Figure S3, Supporting Information).
Characterization of the remaining analogues was accom-
plished by a similar analysis of one- and two-dimensional NMR
experiments. On the basis of "H NMR data, it was determined
that all of the analogues contained a bicyclic phosphotriester
core identical to salinipostin A. The proton chemical shifts of all
analogues associated with the core were identical within 0.01
ppm, and had very similar coupling constants (Table S,
Supporting Information). These results suggest that the
biosynthetic machinery producing the bicyclic phophotriester
core is producing exclusively one diastereomer. Utilizing
gCOSY data, we determined that the structural variability
between analogues arose from differing chain lengths in R; and
R, (Table 2). The R, and R, assignments were assigned using a
combination of gCOSY and HRESITOFMS data and validated
using MS/MS fragmentation experiments to confirm these
assignments. The MS/MS data corroborated the gCOSY and
HRESITOFMS derived assignments (Figure S3, Supporting
Information), definitively assigning the structures of salinipos-
tins B—K as depicted in Table 2. Interestingly, many of these
compounds possess odd chain lengths at R, in contrast to the
even chain lengths more commonly encountered in traditional
fatty acid biosynthesis. A number of marine organisms are
known to produce odd chain fatty acids,*" as are some bacterial
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species including E. coli, which is able to incorporate propionate
as the starter unit rather than acetate during the initiation of
chain elongation.22 As will be seen below, this chain length
variation contributes to the observed SAR pattern, and is an
important feature of the structures of these new metabolites
with respect to their antimalarial properties.

Configurational assignment of salinipostin A.
Although the bicyclic phosphotriester core is a rare motif in
natural products, the salinipostins share this structural feature
with two other families of compounds, the cyclipostins and
cyclophostins.>*~>* However, variations in the alkyl chain
lengths at both R; and R,, make the salinipostins constitution-
ally different to any members of either of these families. The
cyclipostins, which also contain long chain phosphate esters, are
potent inhibitors of hormone sensitive lipase (HSL) and have
been shown to have antimycobacterial properties.”*° To date,
neither of these families has been reported to possess any
activity against P. falciparum. In addition to having different
carbon skeletons, there are noticeable discrepancies in the
comparison of the carbon and proton chemical shifts, as well as
the coupling constants between these two compound classes
and the salinipostins (Figure S2). We hypothesized that these
disparities were due to configurational differences between the
salinipostins and these other natural products.

In order to determine the absolute configuration of
salinipostin A, we conducted vibrational circular dichroism
(VCD) experiments. This method has been successful in
determining the absolute stereochemistry of a number other
natural products where more classical methods were not
possible, or material was limited.”’>° Comparison of
experimental VCD analysis of salinipostin A with calculated
VCD spectra for the lowest energy conformers of two
diastereomers of the bicyclic core of the salinipostin scaffold
(Sp,Sc and Rp,S¢, performed by BioTools, Inc.), carried out at
the DFT level (B3LYP functional/6-31G(d) basis set) with
Gaussian 09, revealed the absolute configuration of salinipostin
A to be Sp,S¢ (Figure S4). This assignment was determined by
comparing the statistical fit of the experimental VCD spectrum
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Figure 3. Biological effects of salinipostin A. (A) P. falciparum microscopy. (B) Parasitemia after salinipostin A treatment at various life stages. (C)

Flowchart of resistance selection strategy for target identification.

with the calculated VCD spectra for all lowest energy
conformers for each of the calculated diastereomers. Based
on the overall better agreement in VCD pattern to the
Botlzmann sum of the calculated spectra of the Sp,Sc than the
Rp,Sc configuration, and the fact that the alignment of the Sp,S¢
spectra were an absolute match, rather than a mirror image, the
absolute configuration of salinipostin A was assigned as Sp,Sc.
The remaining salinipostin family members were also assigned
as Sp,Sc based on their shared biosynthetic origin and close
agreement of spectroscopic data for the salinipostin core
structure. This absolute configuration differs from that of the
cyclipostins and the cyclophostins, which both possess an Sp,Rc
configuration. Recently, the Sp,Sc diastereomer of cyclipostin P
was prepared via total synthesis.”® Comparison of the of the
31p, 3C, and '"H NMR chemical shifts, and the *Jcp coupling
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constants between each of the diastereomers of the synthetic
compounds with salinipostin A corroborated the relative
configurations of the two chiral centers as corresponding to
the Sp,Sc assignment of salinipostin A determined from VCD
measurements (Figure S2).

Biological Evaluation and Structure—Activity Rela-
tionships of Salinipostins A—K against P. falciparum.
Pure compound screening of salinipostins A—K against
parasites revealed a broad range of ECg, values, extending
from 50 nM to approximately S0 uM, equating to an
approximate 1000-fold difference in activity between family
members (Table 2). This drastic change in potency was
striking, given that all of the salinipostins share the same
bicyclic phosphotriester core and only differ in the length of
aliphatic chains R; and R,. Examination of the SAR data reveals

DOI: 10.1021/j05024409
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two clear trends. First, an increase in activity is observed as the
length of R, increases. In each series of R, (ethyl, propyl,
isobutyl, butyl), the pentadecyl phosphoester at the R, position
(1, 6, 9) is the most potent analogue. Second, there is also an
increase in potency as the number of carbons in the vinyl
aliphatic chain (R,) increases. In the cases where R, is isobutyl
(4, 5), there is a slight decrease in activity in comparison to the
straight chain butyl analogues (1—3); however, these analogues
are more potent than when R, is propyl (6—8) (Table 2). This
suggests that branching at the R, position slightly attenuates
activity but supports the trend that longer chain lengths at this
position increase potency. The isobutyl analogue with the
pentadecyl phosphoester chain was not produced in high
enough titer for structural characterization or biological
screening.

Although it is unclear whether either of these structural
features is singularly driving the variations in activity, it is
apparent that the combination of both alkyl chain lengths
results in drastic changes in potency. This is best exemplified by
examining the differences in ECy, values between salinipostin K
(11, EC4 = 32.0 M) and salinipostin A (1, ECy, = 0.050 uM).
The discrimination of alkyl chain lengths in biological systems
is observed for fatty acid synthase inhibitors as well as post-
translational modifications of proteins, such as palmitoyla-
tion.>"** This change in potency between analogues with
relatively slight structural differences, coupled with the lack of
cytotoxicity to mammalian cells, prompted us to further
investigate the mode of action of salinipostin A in P. falciparum
parasites.

Morphological Effects of Salinipostin A Treated
Parasites. Morphological effects were clearly observed in W2
parasites treated with 6X ECy, (2.7 M) salinipostin A during a
45-h life cycle; these effects were markedly different from the
vehicle control (Figure 3A). Furthermore, parasites treated with
salinipostin A appeared to show stage-specific growth arrest,
which was delayed compared to the growth arrest of parasites
treated with 6X EC,, chloroquine (10.8 uM). Treatment with
salinipostin A was carried out alongside treatment with
chloroquine, as the mode of action of chloroquine is well
understood.® Antimalarial activity of chloroquine occurs by
blocking polymerization and subsequent detoxification of heme
molecules resulting from parasitic digestion of hemoglobin in
the digestive vacuole of the parasite. As hemoglobin ingestion
and subsequent digestion begins during the trophozoite stage,
we expected to observe chloroquine treatment taking effect at
12 h; our results showed parasites with enlarged digestive
vacuoles and an abundance of heme at this time point (Figure
3A). By contrast, salinipostin A-treated parasites did not
present any observable morphological changes at 12 h
compared to vehicle control. However, at 20 h we did see
growth arrest and changes in parasite morphology for
salinipostin A-treated cultures. Unlike chloroquine treatment,
where it was evident that the overaccumulation of heme was
producing toxic effects, parasites treated with salinipostin A
appeared to lose cellular organization and experience general
disintegration of internal structures when compared to the
control (Figure 3A). At 45 h, reinvasion was seen in control
cultures but not in cultures treated with chloroquine or
salinipostin A. While these results do not pinpoint a mode of
action for salinipostin A, they do reveal clear morphological and
developmental changes for salinipostin A that are distinct from
those for chloroquine.
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Growth Stage Specificity. In order to examine the growth
stage specificity of salinipostin A, we elected to perform wash
in/wash out experiments at key stages of the P. falciparum
lifecycle. Incubating specific stages of parasite growth in 3X
ECy, of salinipostin A for 2 h followed by washing out the
compound with normal media indicated that salinipostin A was
not equally effective for all growth stages assayed, but rather
was stage-specific over a 72-h period. Compared to vehicle
control, early stages exhibited the highest sensitivity to
salinipostin A, (Figure 3B) with ring stage showing the most
drastic effect (3.4% parasitemia at 72 h). Both early-trophozoite
and late-trophozoite stages were growth-inhibited by salinipos-
tin A to a somewhat lesser degree with 4.9% parasitemia and
5.7% parasitemia at 72 h, respectively. The inhibitory effect of
salinipostin A on schizont stage was minimal, and similar to
vehicle control (10.2% parasitemia at 72 h). This latter
observation, together with our microscopy work, suggests that
salinipostin A disrupts a process required for the establishment
or growth of the intracellular parasite, rather than a late-stage
function, such as merozoite formation or invasion.

Attempts To Select for Resistant P. falciparum
Mutants. One approach to target identification in eukaryotic
parasites is the generation of resistant parasite populations
using various levels of drug pressure and identification of the
single nucleotide polymorphisms (SNPs) in the mutants that
confer resistance by whole genome sequencing (Figure 3C).
These mutations can be changes in drug efflux pumps, such as
in chloroquine and mefloquine resistance.”** Alternatively,
mutations may also be copy number variants of the molecular
target, or point mutations in the molecular target of the drug.
This strategy has recently been implemented to identify drug
targets or confirm determinants of resistance in Plasmodium for
numerous molecules including fosmidomycin,® the spiroindo-
lones,36 thiaisoleucine,”” benzothiazepines,38 and cladosporinS'9
and the dihydroisoquinolones.*’

We attempted three separate resistance selections using a
starting population of 10'® parasites and continuous drug
pressure over 45 days each, at the ECys (360 nM), EC,, (344
nM), and ECg (160 nM) of salinipostin A. In each case, at the
conclusion of the period of drug pressure, small numbers of
viable parasites remained in the culture. None of these new
populations exhibited a statistically significant shift in ECg,
values, suggesting a small fraction of parasites escaped the lethal
effects of the drug at these concentrations, rather than
developed resistance.

It is unclear why this strategy to generate resistant parasites
was unsuccessful for salinipostin A. It is possible that even more
stringent selections at higher initial parasite populations and
drug concentrations might result in the acquisition of resistance
mutations. Alternatively, salinipostin A may exhibit antimalarial
activity via a more general mechanism, such as membrane
disruption; however, the selectivity for longer chain lengths in
the SAR data suggests a more specific target. Another potential
explanation is that salinipostin A affects post-translation protein
modifications, such as lipidation. Considering this scenario, it
would be unlikely that mutations in a single protein would
confer resistance, which raises the intriguing possibility that
these compounds may be less susceptible to the development
of native resistance in the clinic than several of the existing
therapeutics.
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Bl CONCLUSION

Examination of our marine natural products library has led to
the discovery of salinipostins A—K as potent antimalarial agents
with high selectivity indices over tested mammalian cell lines.
Application of a combination of NMR and VCD methods
determined the absolute configuration of the core scaffold as
Sp)Sc, in contrast to other structurally related natural products,
all of which possess the SpRc configuration. Subsequent
examination of the biological attributes of salinipostin A
indicated that compound treatment exerts a stage-specific
arrest of parasite development and that there is a clear and
strong structure—activity relationship within the series, with
alkyl chain length having a profound effect on antimalarial
potency. Finally, resistance selection experiments failed to
generate resistant mutants under three independent selection
conditions, suggesting that this new compound class may target
an essential process of Plasmodium development that is not
easily compensated by single protein changes and providing
incentive for the development of chemical probes using this
scaffold to identify new druggable targets in malaria.

B EXPERIMENTAL SECTION

General Experimental Methods. Solvents used for HPLC
chromatography were HPLC grade and were used without further
purification. Optical rotations were measured using a 10 mm path
length cell at 589 nm. NMR spectra were acquired on a 600 MHz
spectrometer equipped with a S mm HCN triple resonance cryoprobe
and referenced to residual solvent proton and carbon signals (6H 7.26,
8C 77.16 for chloroform-d). High-resolution mass spectrometry data
were acquired using an electrospray ionization (ESI) accurate-mass
time-of-flight (TOF) liquid chromatograph—mass spectrometer.

Isolation, Fermentation, and Extraction of Salinispora sp.
The producing organism, RL08-036-SPS-B, was isolated from a marine
sediment sample collected by SCUBA near Keawekaheka Bay, HI, at a
depth of 15 m. The strain was originally isolated on SPS medium (18.0
g of agar, 5.0 mg of polymixin B sulfate, 50.0 mg of nalidixic acid, 50.0
mg of cycloheximide, 750 mL of 0.2 um filtered seawater, 250 mL of
Milli-Q water) and further isolation performed on MB medium (37.4 g
of Difco Marine Broth, 18 g of agar, 1 L of Milli-Q water). Analysis of
the 16S rDNA sequence (GenBank: KP250536) identified this strain
as a Salinispora sp., with highest sequence similarities to multiple S.
pacifica strains (99% identity). The pure culture was cultivated on a
rotary shaker (200 rpm, 27 °C) in 2.8 L Fernbach flasks containing 1 L
of modified SYP medium (10.0 g of starch, 4.0 g of peptone 2.0 g of
yeast extract, 31.2 g of Instant Ocean sea salt, 1.0 L of Milli-Q water)
and a stainless steel spring. After 6 days, 20.0 g of Amberlite XAD-16
adsorbent resin was added, and the culture was allowed to shake for 2
h. The cells and resin were removed by vacuum filtration using
Whatman glass microfiber filters and washed with deionized water.
The resin and cells were extracted with 250 mL of 1:1 methanol/
dichloromethane, and the organic extract was removed from the cells
and resin by vacuum filtration and concentrated to dryness in vacuo.
The crude organic extract, given extract code RLUS1359, was
subjected to solid-phase extraction (SPE) using a Supelco-Discovery
Cys cartridge (10 g) and eluted using a step gradient of 80 mL of
MeOH/H,0O solvent mixtures (10% MeOH, 20% MeOH, 40%
MeOH, 60% MeOH, 80% MeOH, 100% MeOH) and finally with
ethyl acetate to afford seven fractions. The 10% MeOH fraction was
discarded, and the remaining six were dried in vacuo. Analysis by RP-
LCMS revealed the salinipostins were present only in the 100%
MeOH fraction (RLUS1359E).

Purification of the Salinipostins. Prefraction RLUS1359E was
separated into two subfractions using RP-HPLC (Phenomenex
Synergi Fusion-RP 10 um, 80 A, 250 X 4.6 mm, 82% to 93%
MeOH/H,0 + 0.02% formic acid over 14 min, 2 mL min™" flow rate).
These two fractions (F1 and F2) were further purified by RP-HPLC to
afford salinipostins A—K (F1: Phenomenex Kinetex XB-C g, 2.6 um,
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100 A, 100 X 4.6 mm, 84%—85% MeOH/H,O + 0.02% formic acid
over 8 min, 1.2 mL min~" flow rate, salinipostin K (11) ty = 6.01 min,
yield 40 ng/L; salinipostin H (8) tz = 7.48 min, yield 9 ng/L;
salinipostin J (10) # = 8.26 min, yield 14 ng/L; salinipostin E (S) t; =
9.04 min, yield 31 ng/L; salinipostin C (3) t = 9.27 min, yield 390
ng/L; salinipostin G (7) t = 9.71 min, yield 56 ng/L F2: Phenomenex
Kinetex XB-Cyq, 2.6 pm, 100 A, 100 X 4.6 mm, 87%—88% MeOH/
H,0 + 0.02% formic acid over 10 min, 1.2 mL min~' flow rate,
salinipostin I (9) tg = 4.93 min, yield 7 ng/L salinipostin D (4) tz =
5.27 min, yield 8 ng/L; salinipostin B (2) #; = 5.44 min, 83 ng/L;
salinipostin F (6) tp = 5.84 min, 18 ng/L; salinipostin A (1) tp = 7.0S
min, 200 ng/L).

Chemical Characterization of Compounds. Salinipostin A (1):
[a]®p +0.04 (c 0.075, MeOH); UV (MeOH) A, (log €) 227 (3.39)
nm; "H NMR (CDCl,, 600 MHz) 4.44 (1H, dd, ] = 9.3, 9.3 Hz), 4.28
(1H, d, ] = 6.2 Hz), 4.18 (2H, t, ] = 6.6 Hz), 4.03 (1H, m), 4.03 (1H,
m), 3.78 (1H, dd, ] = 5.5,9.7 Hz), 2.97 (1H, dt, ] = 7.7, 14.9 Hz), 2.79
(1H, dt, J = 5.5, 9.7 Hz), 1.72 (2H, p, ] = 6.9 Hz), 1.58 (2H, p, ] =
7.56), 1.39 (2H, m), 1.38 (2H, m), 1.33—1.22 (22H, m), 0.93 (3H, t, |
= 7.3 Hz), 0.88 (3H, t, ] = 7.0 Hz); *C NMR (CDCl,, 151 MHz) §
168.9, 165.4, 110.3, 69.7, 69.4, 64.6, 38.5, 30.4, 30.3, 29.8—29.2 (11C),
28.6,25.4,22.3, 14.2, 13.9; HRESIMS m/z 495.2852 [M + Na]* (caled
for C,sH,sOPNa, 495.2851).

Salinipostin B (2): [a]*p +0.01 (¢ 0.175, MeOH); UV (MeOH)
Amax(log €) 229 (2.45) nm; 'H NMR (CDCl, 600 MHz) 4.43 (1H,
dd, J =9.2,9.2 Hz), 430 (1H, d, ] = 6.2 Hz), 417 (2H, t, ] = 7.0 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, ] = 5.0, 9.7 Hz), 2.97 (1H,
dt, J = 7.7, 14.7 Hz), 2.79 (1H, dt, ] = 7.5, 143 Hz), 1.72 2H, p, ] =
6.9 Hz), 1.58 (2H, p, ] = 7.8), 1.39 (2H, m), 1.38 (2H, m), 1.33—1.22
(20H, m), 0.98 (3H, t, ] = 7.3 Hz), 0.88 (3H, t, ] = 6.9 Hz); *C NMR
(CDCl,;, 151 MHz) 6§ 168.9,165.4, 110.3, 69.7, 69.4, 64.6, 38.5, 30.4,
30.3, 29.8—29.1 (10C), 28.6, 25.4, 22.3, 14.2, 13.9; HRESIMS m/z
481.2694 [M + Na]" (caled for C,,H,;O4PNa, 481.2695).

Salinipostin C (3): [a]®p +0.03 (¢ 0.25, MeOH); UV (MeOH)
Amax(log €) 230 (3.24) nm; 'H NMR (CDCl,, 600 MHz) 4.44 (1H,
dd, J = 8.9, 8.9 Hz), 4.30 (1H, d, ] = 6.2 Hz), 4.18 (2H, t, ] = 6.9 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, J = 4.8, 9.8 Hz), 2.97 (1H,
dt, ] =7.7,14.7 Hz), 2.79 (1H, dt, ] = 7.7, 143 Hz), 1.72 2H, p, ] =
6.7 Hz), 1.58 (2H, p, ] = 8.0), 1.39 (2H, m), 1.38 (2H, m), 1.33—1.22
(18H, m), 0.93 (3H, t, ] = 7.3 Hz), 0.88 (3H, t, ] = 6.9 Hz); *C NMR
(CDCl,, 151 MHz) § 168.9, 165.4, 110.3, 69.7, 69.4, 64.6, 38.5, 30.4,
30.3, 29.2—29.8 (9C), 28.6, 25.4, 22.3, 14.2, 13.9; HRESIMS m/z
4672538 [M + Na]* (calcd for C,3H,;O4PNa, 467.2538).

Salinipostin D (4): [a]*p +0.02 (¢ 0.06, MeOH); UV (MeOH)
Am(log €) 228 (2.92) nm; 'H NMR (CDCl,;, 600 MHz) 4.44 (1H,
dd, J=9.2,9.2 Hz), 432 (1H, d, ] = 6.3 Hz), 4.17 (2H, t, ] = 6.9 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, ] = 5.4, 9.5 Hz), 2.91 (1H,
dd, J = 7.3, 13.5 Hz), 2.66 (1H, dt, ] = 7.3, 13.6 Hz), 2.06 (1H, hept, |
=6.7), 1.72 (2H, p, ] = 7.0 Hz), 1.36 (2H, p, ] = 6.8), 1.33—1.22 (20H,
m), 0.99 (3H, t, ] = 6.6 Hz), 0.97 (3H, t, ] = 6.7 Hz), 0.88 (3H, t, ] =
6.9 Hz); HRESIMS m/z 459.2870 [M + H]* (caled for C,,H,,O4P,
459.2876).

Salinipostin E (5): [a]®p +0.16 (¢ 0.01, MeOH); UV (MeOH)
Amax(log €) 229 (4.02) nm; 'H NMR (CDCl, 600 MHz) 4.44 (1H,
dd, J =9.1,9.1 Hz), 433 (1H, d, ] = 6.3 Hz), 4.18 (2H, t, ] = 6.8 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, ] = 5.4, 9.6 Hz), 2.91 (1H,
dd, J = 7.3, 13.5 Hz), 2.66 (1H, dt, J = 7.3, 13.5 Hz), 2.06 (1H, hept, |
=6.9), .72 (2H, p, ] = 6.7 Hz), 1.37 (2H, p, ] = 6.9), 1.33—1.22 (18H,
m), 0.99 (3H, t, ] = 6.8 Hz), 0.97 (3H, t, ] = 6.7 Hz), 0.88 (3H, t, ] =
6.8 Hz); HRESIMS m/z 4452723 [M + H]* (calcd for C,;H,,0P,
445.2719).

Salinipostin F (6): [a]*y —0.05 (¢ 0.08, MeOH); UV (MeOH)
Amax(log €) 227 (2.70) nm; 'H NMR (CDCl,;, 600 MHz) 4.43 (1H,
dd, J = 8.6, 8.6 Hz), 4.30 (1H, d, ] = 6.4 Hz), 4.17 (2H, t, ] = 6.9 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.77 (1H, dd, ] = 4.0, 9.5 Hz), 2.97 (1H,
dt, J = 7.4, 143 Hz), 2.79 (1H, dt, J = 7.7, 143 Hz), 1.72 2H, p, ] =
6.7 Hz), 1.64 (2H, m), 1.37 (2H, m), 1.33—1.22 (22H, m), 0.97 (3H,
t,J = 7.8 Hz), 0.87 (3H, t, ] = 6.7 Hz); HRESIMS m/z 481.2687 [M +
Na]* (caled for Cy,H,;04PNa, 481.2689).
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Salinipostin G (7): [a]*p +0.02 (¢ 0.05, MeOH); UV (MeOH)
Am(log €) 224 (3.01) nm; 'H NMR (CDCl, 600 MHz) 4.44 (1H,
dd, J = 92,92 Hz), 431 (1H, d, ] = 62 Hz), 4.18 (2H, t, ] = 6.9 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, J = 5.3, 9.6 Hz), 2.96 (1H,
dt, ] = 6.5, 13.7 Hz), 2.78 (1H, dt, ] = 7.6, 14.5 Hz), 1.72 (2H, p, ] =
6.7 Hz), 1.65 (2H, p, ] = 7.4 Hz), 1.37 (2H, m), 1.33—1.22 (20H, m),
098 (3H, t, J = 7.4 Hz), 0.88 (3H, t, J = 7.1 Hz); HRESIMS m/z
467.2532 [M + Nal+ (caled for Cyp3H, O¢PNa, 467.2533).

Salinipostin H (8): [a]®*y +0.02 (¢ 0.09, MeOH); UV (MeOH)
Amac(log €) 227 (2.81) nm; 'H NMR (CDCl,, 600 MHz) 4.44 (1H,
dd, J =9.3,9.3 Hz), 431 (1H, d, ] = 6.2 Hz), 4.18 (2H, t, ] = 6.7 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, ] = 5.3, 9.8 Hz), 2.95 (1H,
dt, J = 7.6, 13.8 Hz), 2.78 (1H, dt, ] = 7.4, 14.1 Hz), 1.72 2H, p, ] =
6.9 Hz), 1.64 (2H, p, ] = 7.5 Hz), 1.37 (2H, m), 1.33—1.22 (18H, m),
098 (3H, t, ] = 7.4 Hz), 0.88 (3H, t, ] = 7.0 Hz); HRESIMS m/z
431.2561 [M + H]" (calcd for C,,H,0O4P, 431.2563).

Salinipostin | (9): [a]®p +0.02 (¢ 0.11, MeOH); UV (MeOH)
Ama(log €) 227 (3.12) nm; 'H NMR (CDCl,, 600 MHz) 4.44 (1H,
dd, J = 92,92 Hz), 4.30 (1H, d, ] = 6.4 Hz), 4.18 (2H, t, ] = 6.9 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, J = 5.3, 9.4 Hz), 2.96 (1H,
dq, J = 7.4, 7.5 Hz), 2.85 (1H, dq, ] = 7.5, 7.4 Hz), 1.72 (2H, p, ] = 6.8
Hz), 1.36 (2H, p, ] = 7.6 Hz), 1.33—1.22 (22H, m), 1.17 (3H, t, ] = 7.5
Hz), 0.88 (3H, t, ] = 7.0 Hz); HRESIMS m/z 4452713 [M + H]"
(caled for Cy3H,,O4P, 445.2719).

Salinipostin J (10): [a]*p +0.01 (¢ 0.10, MeOH); UV (MeOH)
Ama(log €) 223 (2.71) nm; 'H NMR (CDCl,, 600 MHz) 4.44 (1H,
dd, J=9.2,9.2 Hz), 430 (1H, d, ] = 6.4 Hz), 4.18 (2H, t, ] = 7.0 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, J = 5.3, 9.4 Hz), 2.95 (1H,
dq, J = 7.4, 7.4 Hz), 2.86 (1H, dq, ] = 7.5, 7.5 Hz), 1.72 (2H, p, ] = 6.9
Hz), 1.36 (2H, p, ] = 7.2 Hz), 1.33—1.22 (20H, m), 1.17 (3H, t, ] = 7.5
Hz), 0.88 (3H, t, J = 7.2 Hz); HRESIMS m/z 431.2565 [M + H]*
(caled for C,,HuOgP, 431.2563).

Salinipostin K (11): [a]*p +0.03 (¢ 0.09, MeOH); UV (MeOH)
Amex(log €) 227 (3.39) nm; 'H NMR (CDCl,, 600 MHz) 4.44 (1H,
dd, J =9.3,9.3 Hz), 430 (1H, d, ] = 6.3 Hz), 4.18 (2H, t, ] = 6.8 Hz),
4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, dd, ] = 5.6, 9.6 Hz), 2.96 (1H,
dq,J=75,7.5Hz),2.85 (1H, dq, J = 7.5, 7.4 Hz), 1.72 (2H, p, ] = 7.0
Hz), 1.36 (2H, p, ] = 6.5 Hz), 1.33—1.22 (18H, m), 1.17 (3H, t, ] = 7.5
Hz), 0.88 (3H, t, ] = 7.0 Hz); HRESIMS m/z 417.2405 [M + H]"
(caled for C,;Hy304P, 417.2406).

Parasite Culture. P. falciparum parasites used in our selection
studies were of a W2 (chloroquine resistant) background strain.
Parasites were grown as previously described*"* in vitro at 37 °C/5%
0,/5% CO,/90% N, in RPMI 1640 media containing 0.5% w/v
Albumax II, 28 mM NaHCO;, 0.1 mM hypoxanthine, 50 ug/L
gentamycin, and 25 mM HEPES (pH 7.4). Parasites were cultured as
necessary to maintain a 2% hematocrit and less than 10% parasitemia.

Primary Screen for Antimalarial Activity by SYBR Green I. In
order to determine antimalarial activities for the primary screening
library, a parasite growth-inhibition assay was run utilizing a 96-well
format liquid handler, with all drug dilutions, additions of culture, and
washes performed by the liquid handling unit. DMSO stock screening
plates were first diluted 1:10 in DMSO. From this 1:10 diluted stock
plate two replicate 96 well plates were prepared containing 10 uL of
1:10 diluted extract per well. Cultures of W2 parasites (>90% ring
stage, synchronized by 5% sorbitol treatment) at 0.8% parasitemia and
2% hematocrit were prepared, and 190 yL per well of culture was
added to each replicate 96-well plate to yield biological duplicates
while further diluting the compound 1:20 (for a final 1X
concentration). The first column and twelfth column of each 96-well
plate with culture added served as our controls: the first column
contained infected RBCs (iRBCs) at 0.8% parasitemia, 2% hematocrit
in DMSO vehicle alone and served as our positive control, while the
twelfth column containing RBCs alone at 2% hematocrit in DMSO
vehicle and served as our negative control. Plates were incubated at 37
°C/5% 0,/5% CO,/90% N, for 72 h. Following this incubation, all
plates were removed from the incubator and washed with 1X PBS.
This wash entailed removing 170 uL of culture media (keeping blood
pellet undisturbed), replacing an equal volume of 1X PBS, and mixing
to ensure the pellet was well washed. After this wash step, all plates
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were placed back into the incubator at 37 °C/5% 0,/5% CO,/90%
N,. We then prepared a SYBR Green I Lysis Buffer to stain and detect
the presence of Plasmodium nucleic acid. The lysis buffer was prepared
as follows: Tris Base was added to 1L of cell culture water (20 mM
final concentration), pH was adjusted to 7.5 via addition of HCI,
EDTA was added (20 mM final concentration), saponin was added
(0.008% w/v final), and Triton X-100 was added (0.08% w/v final).
This lysis buffer was mixed thoroughly, vacuum-filtered, and stored at
room temperature. SYBR Green (10,000X concentration, from
Invitrogen) was then diluted 1:5000 into our lysis buffer. We then
added 15 pL per well of SYBR Green I Lysis Buffer to 384 well assay
plates (Black, Flat Bottom, Low Flange). Previously washed 96 well
plates were removed from the incubator and 15 yL per well from the
96 well plates were added and mixed 1:1 with SYBR Green I Lysis
Buffer in the 384 well assay plates. These plates were then read for
fluorescence intensity at 485 nm excitation and 530 nm emission. We
utilized a custom script to extrapolate the raw data from the
fluorescence plate reader and output heatmaps showing relative
potency of all compounds tested, along with efficacy of controls
(output as a ratio of iRBCs to RBCs alone; a ratio with a value of 10 or
higher is preferred). Following this initial screen for antimalarial
activity, compounds identified as potent were further screened to
determine ECs values in P. falciparum.

ECs, Determination by YOYO1 Fluorescence Assay. To gauge
an appropriate concentration of compound to use in our resistance
selection studies, we determined compound ECg, on a W2 strain of
parasites. Parasite culture (in RPMI media) at 0.8% parasitemia (>90%
ring stage, synchronized by 5% sorbitol treatment) and 0.5%
hematocrit was plated into a 96-well culture plate. Appropriate
concentrations of salinipostin A (starting from a 10 mM stock in 100%
DMSO) ranging from 0.02—50 uM were added to the parasites (final
0.5% DMSO). This concentration range, along with a positive control
of iRBCs in solvent only and a negative control of uninfected RBCs in
solvent only, was performed in technical triplicates. Chloroquine was
used as a chemical positive control. After a 72-h incubation at 37 °C/
5% 0,/5% CO,/90% N,, parasites were fixed with 1% formaldehyde
and incubated at room temperature for 1 h. Following fixation, 50 nM
YOYO1 (Molecular Probes, Carlsbad, CA) was added to parasites.
Staining took place overnight at room temperature, protected from the
light. P. falciparum growth inhibition was quantified by measuring
fluorescence with a flow cytometer equipped with a multiwell plate
reader with excitation and emission wavelength bands centered at 485
and 530 nm, respectively. Through the use of Flowjo software from
Tree Star, Inc.,, background fluorescence from wells with uninfected
RBCs only was subtracted from all other wells to yield fluorescence
counts used in the analysis. Software from Graphpad Prism was used
to plot fluorescence counts against the logarithm of drug
concentrations. Curve-fitting by nonlinear regression (sigmoidal
dose—response) and allowing for a variable slope (equation: Y =
bottom + (top—bottom)/(1 + 10((LeglCSOX)HillSlope)y ielded o drug
concentration at which a 50% reduction was observed in fluorescence
counts compared to solvent-only control wells of infected RBCs.**

Microscopy. P. falciparum parasites of the W2 background strain
were grown as described above to maintain a 2% hematocrit and less
than 10% parasitemia. Prior to visualizing effects of salinipostin A on
parasite growth via microscopy, parasite cultures underwent two
consecutive cycles of synchronization (5% sorbitol treatment). Once
highly synchronous (>90% ring stage), parasites from the same culture
were split equally into six separate cultures. Three sets of duplicate
cultures were made to test three different conditions: salinipostin A at
6x ECyy (2.7 uM), chloroquine at 6X ECy, (10.8 M), and DMSO
vehicle control. Immediately after changing out normal media for
media with drug or vehicle (0 h), aliquots were taken from each
culture for blood smear. Parasites were visualized by Giemsa stain, and
images were captured by camera. Following blood smear preparation,
all cultures were placed back in the incubator until subsequent time-
points. Additional time-points were taken at 12, 20, and 4S5 h to cover
one complete lifecycle of W2 parasites. For each additional time-point,
blood smears were prepared from each culture and visualized via
Giemsa stain with images captured by camera.
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Drug Wash In—Wash Out. W2 parasites were synchronized by
5% sorbitol treatment until the culture was >90% ring stage. Once
parasites were synchronous, the culture was split equally into 12
separate cultures with each culture at 0.8% parasitemia and 2%
hematocrit. From these 12 cultures, 6 sets of duplicate cultures were
made. From these 6 sets, 4 sets of duplicates were to be used for 4
different time-points covering one complete lifecycle of W2 parasites
(ring stage, early trophozoite stage, late trophozoite stage, and schizont
stage). The two remaining sets of duplicate cultures were to be used
for DMSO vehicle control and RBCs-only control. At ring stage (0 h),
the duplicate cultures specified for ring stage were treated with
salinipostin A at 3X ECy, (1.35 M) and incubated at 37 °C/5% O,/
5% CO,/90% N, for 2 h. At the same time, duplicate cultures specified
for DMSO vebhicle control and RBCs-only control were both given
DMSO vehicle and incubated for 72 h. After the 2-h incubation, media
from the ring-stage cultures treated with salinipostin A was washed out
and replaced with normal media. After changing media, cultures were
returned to the incubator for 70 h. At 10 h, duplicate cultures specified
for early trophozoite stage were treated with 3X ECy, salinipostin A
and incubated for 2 h. Following incubation, drug-treated media was
replaced with normal media and the cultures were returned to the
incubator for 62 h. At 24 h, duplicate cultures specified for late
trophozoite stage were treated with 3X ECy, salinipostin A and
incubated for 2 h. Following incubation, drug-treated media was
replaced with normal media and the cultures were returned to the
incubator for 48 h. At the 40-h time-point, duplicate cultures specified
for schizont stage were treated with 3X ECg, salinipostin A and
incubated for 2 h. Following incubation, drug-treated media was
replaced with normal media, and the cultures were returned to the
incubator for 32 h. At the 72-h time-point, all cultures were diluted
down to 0.5% hematocrit with normal media followed by fixation with
0.8% Formaldehyde and staining with 50 nM YOYOI. Staining took
place overnight at room temperature, protected from the light.
YOYOLI fluorescence was measured by collecting 30000 events with a
flow cytometer with excitation and emission wavelength bands
centered at 485 and 530 nm, respectively. Through the use of Flowjo
software from Tree Star, Inc., background fluorescence from RBCs-
only cultures was subtracted from all other cultures to yield the
percent population from each culture that were fluorescing YOYOL.
The percent population fluorescing YOYOI from each culture was
defined as percent parasitemia in the data analysis.

Toxicity Screening against Mammalian Cells. Screening was
performed against four cell types: human foreskin fibroblasts (HFF),
HEK293T (human kidney), U20S (human osteosarcoma), and AsPC-
1 (human pancreatic adenocarcinoma). The cells were seeded into
opaque-walled clear bottom 96-well plates at an initial seeding density
of 2500 cells per well in 100 yL of Dulbecco’s Modified Eagle’s
medium (HFF, HEK293T, AsPC-1) or McCoy’s SA medium (U20S)
and incubated at 37 °C under 5% CO, for 18 h. After this incubation
period for cell attachment, 1 yL of salinipostin A in DMSO (1% final
DMSO concentration) was transferred into each well in 3-fold
dilutions (50—0.206 uM). Each concentration was screened in
triplicate for a given cell type. Vehicle controls (n = 10, 1% DMSO)
and positive controls (n = 2, PR-171, proteasome inhibitor) were
included for each cell type. The treated plates were incubated for 48 h
at 37 °C under 5% CO,.

Toxicity was assessed using the CellTiter-Blue Cell Viability Assay
(Promega) per the manufacturer’s instructions. This method relies on
the metabolic reduction of reasazurin into highly fluorescent resorufin
by viable cells. The amount of fluorescence from each well is linearly
correlated to the number of viable cells in that well. Briefly, 10 uL of
the CellTiter Blue reagent was added to each well, and the plates were
incubated for an additional 4 h at 37 °C under 5% CO,. After this
incubation period, the fluorescence was measured using a BioTek
Cytation 3 imaging reader at A, 560 nm/ 4., 590 nm. Data were
normalized to the average of 10 vehicle control wells and subtracted
from 1 to assess growth inhibition. Plots and standard errors were
calculated using Graphpad Prism software (Figure SS, Supporting
Information).
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