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Abstract: Assessment of structure-activity relationships for anti-protozoan activity revealed a strategy
for preparing potent anisomycin derivatives with reduced host toxicity. Thirteen anisomycin analogs
were synthesized by modifying the alcohol, amine, and aromatic functional groups. Examination
of anti-protozoal activity against various strains of Leishmania and cytotoxicity against leucocytes
with comparison against the parent natural product demonstrated typical losses of activity with
modifications of the alcohol, amine, and aromatic meta-positions. On the other hand, the para-phenol
moiety of anisomycin proved an effective location for introducing substituents without significant
loss of anti-protozoan potency. An entry point for differentiating activity against Leishmania versus
host has been uncovered by this systematic study.
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1. Introduction

Anisomycin (1) is an antibiotic isolated from Streptomyces [1]. First demonstrated to
inhibit protein translation with eukaryote selectivity [2], anisomycin has since been shown
to target various organisms by multiple mechanisms of action [3]. In complex with the 80S
ribosome, anisomycin reorients the 255 rRNA residue 2397 (2055) influencing the confor-
mation of the nearby U2873 (U2504) residue and preventing aminoacyl-tRNA binding to
the peptidyl transferase site [4]. The 2397 (2055) rRNA nucleotide has been suggested to
dictate binding selectivity between bacterial- and eukaryotic-specific inhibitors because
cytosine and adenine are typically found, respectively, in bacteria and most eukaryotes [4].
At concentrations below those inhibitive of protein synthesis, anisomycin elicited specific
and strong activation of mitogen-activated protein kinases (MAPKs, e.g., INK and p38) and
induced c-fos gene expression [5,6]. Initiation of p38 MAP kinase followed by inhibition of
protein synthesis by anisomycin in mammalian cells was shown to lead to activation of the
glucose transporter GLUT1, an early event in the adaptive response of mammalian cells to
metabolic stress [7].
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Anisomycin has exhibited activity against protozoa and viruses, as well as mammalian
macrophages and cancer cells. Activation of p38 signaling by anisomycin reduced L. dorno-
vani survival within human macrophages in vitro by a mechanism blocked by SB203580, a
p38-specific inhibitor [8]. Anisomycin reversed Japanese encephalitis virus-induced down-
regulation of extracellular signal-regulated protein kinase (ERK) phosphorylation and
protected murine neuroblastoma (N18) cells against infection [9]. The anti-viral activity of
anisomycin was further demonstrated against dengue virus (DENV) and Zika virus (ZIKV)
strains in Vero cells by a mode of action implicating likely blockage of macromolecular
synthesis instead of p38 MAPK activation. In ZIKV-infected mice, a low dose of anisomycin
caused a significant reduction in viral levels and enhanced survival [10]. In rabbit atheroma-
like lesions in vivo, anisomycin decreased selective macrophage content by a mechanism
implicating p38 MAPK [11]. In addition, as an inducer of apoptosis in tumor cells, ani-
somycin inhibited angiogenesis, proliferation, and invasion in ovarian cancer cells [12].
Moreover, anisomycin inhibited T cell behavior, curbing transplantation rejection without
significant side effects at effective therapeutic doses; however, over-dosage led to pulmo-,
nephro-, and hepato-toxicity, slight micronucleus formation, and sperm aberration [13].

Interest in anisomycin has led to various syntheses of the densely functionalized chiral
pyrrolidine structure and derivatives using a variety of starting materials, such as various
carbohydrate and amino acid precursors [14]. Early studies of relationships between ani-
somycin structure and activity on protein translation demonstrated that removal of the
3-position acetoxy group (desacetylanisomycin, 2), nitrogen acetylation and quaternization,
as well as aromatic bromination, all resulted in analogs (e.g., 3-5) exhibiting significant
reductions of activity [2]. Movement of the acetyl group from the 3- to the 4-position
alcohol gave isomer 6, which exhibited 3-fold less inhibitory activity on protein synthesis
but comparable cytotoxicity as anisomycin in four tumor cell lines [15]. Activity against
protozoa and fungi dropped mildly on replacement of the para-methoxy substituent by
a methyl group or proton but was significantly reduced on moving the methoxy group
from the para to the meta and ortho positions, as well as upon replacement of the benzyl
methylene protons by methyl and phenyl substituents [16]. In the triple-negative breast
cancer cell line MDA-MB-468, both anisomycin and (2R,35,45)-1-benzyl-4-benzyloxy-3-
hydroxy-2-(4-methoxybenzyl)-pyrrolidine (7) inhibited protein synthesis and exhibited
cytotoxicity at equal concentrations [17]. In examinations of their ability to activate, respec-
tively, JNK and p38 MAPK, replacement of the (45)-alcohol by hydrogen or a methyl group
gave analogs exhibiting similar and significantly reduced activity relative to anisomycin
and desacetylanisomycin (2); however, N- and O-benzyl analogs (e.g., 7) did not exhibit
kinase activating activity [18]. The combination of N-acylation in various amide, carbamate,
and urea components and replacement of the acetyl group by different carbamoyl residues
gave a library of anisomycin analogs exhibiting activity against Staphylococcus aureus and
Candida albicans in whole-cell assays, with reduced cytotoxicity against HEK293 mammalian
cells [19]. In sum, the structure—activity data for anisomycin is relatively dispersed and
somewhat challenging to interpret due in part to the range of targeted indications and
mechanisms of action, the latter of which include inhibitory activity on protein synthesis
and the potential to activate various kinases (Figure 1).

Possessing broad-spectrum anti-parasitic activity [20], anisomycin has shown activity
against leishmaniasis [21]. A parasitic disease infecting 12 to 15 million people worldwide,
leishmaniasis causes more than 1 million new cases annually [22]. Presenting in four
main forms (e.g., cutaneous (CL), mucocutaneous (MCL), visceral (VL), and post Kala-azar
dermal (PKDL)) [22], leishmaniasis infects the spleen, liver, and bone marrow [23], causes
skin lesions [24], and destroys mucous membranes [25]. New safe anti-leishmanial agents
are urgently needed because host toxicity and resistance have limited the efficacy of the
current arsenal of drugs used to treat Leishmania, which includes pentavalent antimonial,
amphotericin B, miltefosine, and paromomycin [26,27].
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Figure 1. Anisomycin (1) and derivatives 2-7.

In the interest of furthering the utility of anisomycin for treating Leishmania, a sys-
tematic structure-activity relationship study has been performed to identify positions for
modification to ideally improve selectivity by increasing anti-parasite activity and reducing
toxicity. Modifications were performed on the secondary amine, hydroxyl, and acetyl
groups. Moreover, the aromatic ring was modified at the meta- and para-positions. Al-
though the structural elements for maintaining activity were illustrated, modifications were
typically unfruitful in providing active and selective analogs. Replacement of the methoxy
group by other ethers was, however, found to offer a point of entry for altering anisomycin
in a way that could maintain activity yet improve anti-protozoan selectivity.

2. Materials and Methods
2.1. In Vitro Inhibition of Translation Assays

Cytosolic ribosome susceptibility and selectivity were assessed through three different
cell-free transcription-translation assays: (1) An extract of E. coli (530, Promega, Madison,
WI, USA), (2) in rabbit reticulocytes (Promega), and (3) in L. tarentolae lysate (Jena Bioscience,
Jena, Germany). Three plasmids, compatible with each extract system, were used in this
study: pBESTlucTM (Promega) for the prokaryotic translation assay, Luciferase T7 DNA
(Promega) for the reticulocytes, and pLEXSY-invitro2-EGFP (Jena Bioscience) for Leishmania.
Firefly luciferase was used as a reporter gene for the bacterial and reticulocyte systems, and
EGFP for Leishmania. Reaction mixtures were prepared as suggested by the manufacturer,
except that the final reaction volume was adjusted to 15 pL to which 1.5 pL (ten-fold) of the
relevant compound concentration was supplemented. Assays were performed in white
polystyrene 96-well flat-bottom plates (Nunc, Roskilde, Denmark) for luciferase and black
polystyrene 384-well flat-bottom plates (Greiner, Kremsmunster, Austria) for EGFP. Incu-
bation times were 60 min at 37 °C, 90 min at 30 °C, and 120 min at 26 °C for the bacterial,
reticulocyte, and Leishmania systems, respectively. Reactions were stopped by quick snap
cooling followed by a 5 min incubation on ice. Luciferase activity was measured for each
well following the addition of 50 uL of Luciferase Assay reagent (Promega, Madison, WI,
USA) with an automatic reagent injector (Tecan, Mannedorf, Switzerland) by recording
the chemical-luminescence signal. EGFP fluorescence (Aex = 488 nm; Aem = 507 nm) was
recorded on a Tecan Infinite R®F200 microplate reader (Tecan). Extracts lacking the circular
DNA template were used as a negative control to calculate the fluorescence/chemical
luminescence background. Reaction mixtures without compounds were used as positive
controls and were regarded as 100% translation. Paromomycin was used as a control
reagent in all assays. At least six different concentrations were used to plot each trans-
lation inhibition curve; experiments were performed in three independent repeats in
duplicate. Half maximal inhibition concentrations (ICsp) values were calculated from the
concentration-response fitting curves using GraFit7.0.3 software [28].
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2.2. Leishmania Cultures and Anti-Leishmanial Activity Determination

The L. infantum (MHOM/MA /67 /ITMAP-263) wild-type strain (WT), as well as
the resistant mutants Sb2000.1, AmB1000.1, and MF200.5 [29-33], which are respectively
resistant to antimony (Sb'"), amphotericin B (AmB), and miltefosine (MF), were grown in
M199 medium at 25 °C supplemented with 10% fetal bovine serum, 5 pg/mL of haemin at
pH 7.0, 2000 uM Sb (Potassium antimonyl tartrate trihydrate, Sigma-Aldrich, Saint Louis,
MO, USA), 200 uM of MF (Miltefosine, Cayman Chem, Ann Arbor, MI, USA) or 1 ptM AmB
(Amphotericin B solution, Sigma-Aldrich, Saint Louis, MO, USA). Leishmanicidal values
were determined in Leishmania promastigotes by monitoring the replication of parasites
after 72 h of incubation at 25 °C in the presence of increasing concentrations of the different
compounds by measuring A using a Cytation 5 machine (BioTek-Agilent, Santa Clara,
CA 9, USA). ECs5p values were calculated based on dose-response curves analyzed by
non-linear regression with GraphPad Prism 10.0 software (GraphPad Software, La Jolla,
CA, USA). An average of at least three independent biological replicates were performed
for each determination.

2.3. Drug Susceptibility Assays in Infected BMDM

The effect of isopropyl ether 22a on the amastigote intracellular form of Leishmania
was determined by the measurement of ECs, values in cells, as previously described [34].
Briefly, 2.5 x 10° bone-marrow-derived macrophages (BMDMs) were plated into the wells
of 12-well chamber slides (Ibidi) with complete DMEM medium. A culture of L. infantum
or L. major WT promastigotes in stationary phase in a ratio of 1:5 BMDM to parasites was
used to infect cells. Infection was carried out for 3 h at 37 °C in DMEM medium with
5% CO, without drug. After 24 h, increasing concentrations of ether 22a were added to the
medium containing the infected macrophages. After 48 h, the slides were fixed in methanol
and stained with Diff-Quick solution to facilitate parasite visualization. The number of
infecting amastigotes per 100 cells was determined by examining 300 macrophages per
triplicate assay and normalized to the untreated control. ECsy values in the amastigote
form were calculated based on dose-response curves that were analyzed by non-linear
regression using the GraphPad Prism 9.0 software. An average of three independent
biological replicates was used to perform the analyses.

2.4. Superimposition of Ribosome Structures

L. major 80S ribosome (80V]) was superimposed on the H. marismortui 50S ribosome
(PDBID: 3CC4) in COOT [35], and figures were prepared using UCSF ChimeraX [36]. The
identity of RNA modifications in L. major was derived from the genome-wide analysis [37].

2.5. Chemistry

Anhydrous solvents (THF, DMF, MeCN) were obtained by passage through solvent
filtration systems (GlassContour, Irvine, CA, USA). Deionized water was used in the purifi-
cations. Unless specified otherwise, all reagents were from commercial sources and used as
received. Anisomycin and di-tert-butyl decarbonate (Boc,O) were purchased from ChemIm-
pex; acetic anhydride was purchased from Alfa Aesar; pyridine, 4-dimethylaminopyridine
(DMAP), sodium hydride, iodomethane, boron tribromide, trifluoroacetic acid (TFA), N-
iodosuccinimide (NIS), dimethylamine (40% wt. in water), formaldehyde (37% wt. in wa-
ter), N-methylmorpholine, cesium carbonate, 2-iodopropane, 1-iodooctane, benzyl bromide,
N,N-dimethylethylenediamine, formic acid (FA), and triethylamine, all were purchased
from Sigma-Aldrich; acetic acid, sodium hydroxide, potassium carbonate and solvents were
obtained from Fisher. Sodium hydride (60% dispersion in mineral oil) was washed with
hexane three times to remove oil prior to use. Chromatography was on 230—400 mesh silica
gel. Analytical thin-layer chromatography (TLC) was performed on glass-backed silica
gel plates (Merck 60 F254). Visualization of the developed chromatogram was performed
by UV absorbance or staining with ninhydrin. 'H and '*C NMR spectra were measured
respectively in CD30D at 500 MHz and 126 MHz and referenced to CD;0D (3.31 ppm and
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49.0 ppm). Coupling constant | values were measured in Hertz (Hz) and chemical shift
values in parts per million (ppm). Specific rotations, [x]p were measured at 25 °C at the
specified concentrations (c in g/100 mL) using a 1 dm cell on a PerkinElmer Polarimeter 589
and expressed using the general formula: [cx]zDS = (100 x «)/(d x c). High resolution mass
spectrometric analyses were obtained by the Centre Régional de Spectrométrie de Masse
de I'Université de Montréal. Protonated molecular ions [M + H]" and sodium adducts
[M + Na]* were used for empirical formula confirmation.

2.5.1. (2R,35,45)-3 4-dihydroxy-2-(4-methoxybenzyl)-pyrrolidine (2)

A mixture of anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) and NaOH 1N (0.25 mL) was
heated and stirred for 3 h at 80 °C. After cooling to room temperature, the resulting mixture
was extracted with ethyl acetate. The organic layer was washed with brine, dried over
MgSQy, filtered, and evaporated. The residue was purified by HPLC on a C18 column
using 5 to 50% MeOH in H,O. Evaporation of the collected fractions provided diol 2 as
white solid (5.9 mg, 70%), which was shown to be >99% pure by LC-MS analysis [5—50%
MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 3.87 min]: [a]p?® —23.7 (c 0.49, MeOH);
'H NMR (400 MHz, MeOD) § 7.26 (d, ] = 8.7 Hz, 2H), 6.91 (d, ] = 8.7 Hz, 2H), 4.25 (d,
J=4.0Hz, 1H), 3.97 (s, 1H), 3.86 (td, ] = 8.2, 2.8 Hz, 1H), 3.77 (s, 3H), 3.60 (dd, | = 12.4,
4.4 Hz, 1H), 3.18-3.05 (m, 2H), 2.94 (dd, ] = 14.1, 8.3 Hz, 1H). 3C NMR (101 MHz, MeOD)
5 160.4, 131.1, 130.0, 115.3, 76.1, 75.8, 65.3, 55.7, 52.6, 32.2. HRMS (ESI*) caled m/z for
C12H1sNO;3 [M + H]* 224.1281, found 224.1280.

2.5.2. (2R,35,45)-1-methyl-4-hydroxy-2-(4-methoxybenzyl)-pyrrolidin-3-yl acetate (8)

A mixture of anisomycin (1, 0.038 mmol, 10 mg, 1 eq.), formaldehyde (0.2 mL, 37% in
water), and formic acid (0.2 mL) in a sealed tube was heated with microwave irradiation
at 80 °C for 6 h. After cooling to room temperature, the reaction mixture was extracted
with EtOAc (3 x 5 mL). The organic phase was combined, washed with aq. saturated
NaHCOj; (5 mL) and brine (5 mL), dried over MgSQOy, filtered, and concentrated in vacuo.
The residue was purified by HPLC on a C18 column using a gradient of 30% to 90% MeOH
(0.1% FA) in H,O (0.1% FA) to give N-methyl pyrrolidine 8 (6.2 mg, 58%), which was shown
to be >99% pure by LC-MS analysis [40—90% MeOH (0.1% FA) in H,O (0.1% FA) over
14 min, RT 4.56 min]: [«]p? 54.7 (c 0.52, MeOH); 'H NMR (400 MHz, MeOD) § 8.45 (s, 1H),
7.16 (d, ] = 8.7 Hz, 2H), 6.88 (d, | = 8.7 Hz, 2H), 4.17 (d, ] = 5.2 Hz, 1H), 3.82-3.78 (m, 1H),
3.77 (s, 3H), 3.61-3.53 (m, ] = 5.2 Hz, 1H), 3.07 (dd, | = 13.5, 5.9 Hz, 1H), 2.87 (dd, ] = 13.5,
9.9 Hz, 1H), 2.78 (d, ] = 12.1 Hz, 1H), 2.73 (s, 3H), 2.15 (s, 3H). *C NMR (101 MHz, MeOD)
5171.2,160.3, 130.9, 115.3, 80.0, 73.7, 71.4, 63.9, 55.7, 42.6, 31.8, 30.4, 20.7. HRMS (ESI*)
caled m/z for C15Hy1NOy [M*], 279.1471, found 279.1487.

2.5.3. (2R,35,45)-3,4-diacetoxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (9)

A solution of anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) in THF (0.2 mL) at room
temperature was treated with Boc,O (9.1 mg, 0.042 mmol, 1.1 eq.), stirred for 2 h, and
concentrated under reduced pressure to give a colorless liquid (14.1 mg), which was
dissolved in pyridine (0.2 mL), cooled to 0 °C, and treated with Ac,O (3.95 puL, 0.042 mmol,
1.1 eq.) and DMAP (0.5 mg, 0.1 eq.). After stirring overnight, the mixture warmed to
room temperature. The volatiles were removed under reduced pressure. The residue
was dissolved in EtOAc (5 mL), washed with 10% aq. HCl (2 x 2 mL), brine (2 mL),
and dried over MgSOy. The organic phase was concentrated in vacuo and purified by
flash chromatography on silica gel eluting with a gradient of 50-90% EtOAc in hexane.
Evaporation of the collected fractions gave a colorless liquid [9.9 mg, Rf = 0.56 (60% EtOAc
in hexane)], which was dissolved in DCM (2 mL) and treated with HCI gas bubbles for
1 h. The reaction mixture was evaporated under reduced pressure to give hydrochloride
9 (8.5 mg, 66%). The product was shown to be >95% pure by LC-MS analysis [30—90%
MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 7.86 min]: [x]p?® 26.2 (c 0.72, MeOH);
'H NMR (400 MHz, MeOD) & 7.25 (d, ] = 8.4 Hz, 2H), 6.93 (d, ] = 8.3 Hz, 2H), 5.29 (dd,
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J =149, 3.3 Hz, 2H), 4.12 (br s, 1H), 3.85-3.79 (m, 1H), 3.78 (s, 3H), 3.37 (d, ] = 13.7 Hz, 1H),
3.11(dd, ] = 14.3,5.7 Hz, 1H), 2.96 (dd, | = 14.2, 9.0 Hz, 1H), 2.21 (s, 3H), 2.11 (s, 3H). 13C
NMR (101 MHz, MeOD) 4 170.5, 170.2, 160.5, 130.8, 128.3, 115.4, 75.6, 75.3, 64.3, 55.6, 50.3,
31.9, 20.5, 20.4. HRMS (ESI*) calcd m/z for C14H»npNOs [M + H]* 308.1492, found 308.1500.

2.5.4. (2R,35,45)-3 A-dimethoxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (10)

A solution of anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) in THF (0.2 mL) at room
temperature was treated with Boc,O (9.1 mg, 0.042 mmol, 1.1 eq.), stirred for 2 h, and
concentrated under reduced pressure to give Boc-anisomycin 12 (14.1 mg), which was
dissolved in MeOH (3 mL) at 0 °C and treated with K;CO3 (5.8 mg, 0.042 mmol, 1.1 eq.)
and stirred for 30 min. The volatiles were removed under reduced pressure. The residue
was dissolved in EtOAc (5 mL), washed with brine (2 x 3 mL), dried over MgSQOy filtered,
and concentrated in vacuo to give a residue [11.9 mg, Rf = 0.38 (60% EtOAc in hexane)].
The residue (11.9 mg, 0.037 mmol, 1 eq.) was dissolved in DMF (2 mL), cooled to 0 °C,
and treated with NaH (2.2 mg, 0.084 mmol, 2.2 eq.), followed by iodomethane (5.2 uL,
0.084 mmol, 2.2 eq.). After stirring for 3 h, the reaction mixture, which had warmed to
room temperature, was cooled to 0 °C and treated with water. The reaction mixture was
extracted with EtOAc (3 x 5 mL). The organic layers were combined, washed with brine
(5 mL), dried over MgSQy, filtered, and evaporated to a residue, which was purified by
flash chromatography on silica gel eluting with a gradient of 50-90% EtOAc in hexane.
Evaporation of the collected fractions gave a colorless liquid [11.5 mg, Rf = 0.46 (30% EtOAc
in hexane)], which was dissolved in DCM (2 mL) and treated with HCl gas bubbles for 1
h. Evaporation of the reaction mixture gave 3,4-dimethoxy-pyrrolidine 10 (6.9 mg, 67%),
which was shown to be >95% pure by LC-MS analysis [40—90% MeOH (0.1% FA) in H,O
(0.1% FA) over 14 min, RT 7.22 min]: [«]p?® — 38.4 (c 0.57, MeOH); 'H NMR (400 MHz,
MeOD) 6 7.24 (d, ] =8.7 Hz, 2H), 6.92 (d, ] = 8.7 Hz, 2H), 4.14 (d, | = 4.6 Hz, 1H), 3.85-3.79
(m, ] =8.0,3.9 Hz, 1H), 3.78 (s, 3H), 3.74 (d, ] = 3.1 Hz, 1H), 3.54 (dd, ] = 13.0, 4.5 Hz, 1H),
3.48 (s, 3H), 3.37 (s, 3H), 3.27 (d, | = 13.0 Hz, 1H), 3.13 (dd, ] = 13.9, 7.4 Hz, 1H), 2.96 (dd,
J =13.9,8.1 Hz, 1H). 13C NMR (101 MHz, MeOD) & 160.4, 131.1, 129.5, 115.4, 82.4, 81.0, 65.0,
58.1,57.5,55.7,50.0, 31.9. HRMS (ESI*) calcd m/z for C14H»npNO3 [M + H]* 252.2594, found
252.1599.

2.5.5. (2R,35,45)-3-methoxy-4-hydroxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (11)

Anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) in MeCN (0.2 mL) was treated with Boc,O
(16.5 mg, 0.076 mmol, 2 eq.) and DMAP (0.5 mg, 0.004 mmol, 0.1 eq.) and stirred at
room temperature for 20 h. Evaporation of the mixture under reduced pressure gave
bis-Boc-anisomycin 14 (18.1 mg), which was dissolved in MeOH (3 mL), cooled to 0 °C,
treated with K,CO3 (5.8 mg, 0.042 mmol, 1.1 eq.), stirred for 30 min, and evaporated
under reduced pressure. The residue was dissolved in EtOAc (5 mL), washed with brine
(2 x 3mL), dried over MgSQy, filtered, and concentrated in vacuo to a residue. The residue
was dissolved in DMF (2 mL), cooled to 0 °C, and treated with NaH (1.09 mg, 0.046 mmol,
1.2 eq.) and Mel (2.83 pL, 0.046 mmol, 1.2 eq.). After stirring for 3 h, the mixture warmed
to room temperature, was cooled to 0 °C, and was treated with water. The mixture was
extracted with EtOAc (3 x 5 mL). The organic layers were combined, washed with brine
(5mL), dried over MgSQy, filtered, and evaporated to a residue, which was purified by
flash chromatography on silica gel eluting with a gradient of 50-90% EtOAc in hexane.
Evaporation of the collected fractions gave a colorless liquid [9.8 mg, Rf = 0.34 (30% EtOAc
in hexane)], which was dissolved in DCM (2 mL) and treated with HCl gas bubbles for
5 h. Evaporation of the volatiles under reduced pressure gave methyl ether 11 (6.1 mg,
59%), which was shown to be >95% pure by LC-MS analysis [40—90% MeOH (0.1% FA) in
H,0 (0.1% FA) over 14 min, RT 5.78 min]: [a]p® —45 (c 0.44, MeOH); 'H NMR (400 MHz,
MeOD) 6 7.23 (d, | = 8.6 Hz, 2H), 6.92 (d, ] = 8.7 Hz, 2H), 4.49 (d, | = 4.4 Hz, 1H), 3.99-3.90
(m, 1H), 3.78 (s, 3H), 3.58-3.52 (m, 2H), 3.46 (s, 3H), 3.12 (dd, ] = 13.1, 6.9 Hz, 2H), 2.96 (dd,
J =13.8,7.9 Hz, 1H). 13C NMR (101 MHz, MeOD) & 160.4, 131.0, 129.7, 115.4, 85.2, 71.4,
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64.7,58.1,55.7,52.7, 31.0. HRMS (ESI*) caled m/z for C13Hp0NO3 [M + H]* 238.1438, found
238.1446.

2.5.6. (2R,35,45)-4-hydroxy-2-(3-iodo-4-methoxybenzyl)-pyrrolidin-3-yl acetate (16)

A solution of anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) in DCM (2 mL) was treated
with trifluoroacetic acid (2.9 pL, 0.046 mmol, 1.2 eq.) and N-iodosuccinimide (10.2 mg,
0.046 mmol, 1.2 eq.), stirred for 4 h, and concentrated to a residue, which was purified by
HPLC on a C18 column using a gradient of 5% to 50% MeCN (0.1% FA) in H,O (0.1% FA).
Evaporation of the collected fractions gave o-iodobenzyl pyrrolidine 16 (7.8 mg, 53%),
which was shown to be >99% pure by LC-MS analysis [5—50% MeCN (0.1% FA) in H,O
(0.1% FA) over 14 min, RT 4.93 min]: [«]p® 27.6 (c 0.34, MeOH); 'H NMR (500 MHz,
MeOD) 6 8.52 (s, 1H), 7.74 (d, ] =1.9 Hz, 1H), 7.29 (dd, | =8.4, 1.9 Hz, 1H), 6.93 (d, ] = 84 Hz,
1H), 5.02 (s, 1H), 4.32 (d, ] = 4.3 Hz, 1H), 4.13-4.06 (m, 1H), 3.85 (s, 3H), 3.56 (dd, | = 12.6,
3.9 Hz, 1H), 3.15 (d, ] = 12.6 Hz, 1H), 3.02 (dd, | = 14.2, 7.0 Hz, 1H), 2.98-2.90 (m, 1H),
2.18 (s, 3H); 13C NMR (126 MHz, MeOD) 5 170.9, 159.1, 140.9, 131.6, 131.2, 112.4, 86.8, 78.6,
73.8,63.1,56.9, 52.6, 31.9, 20.7. HRMS (ESI*) caled m/z for C14H19INOy [M + H]* 392.0353,
found 392.0346.

2.5.7. (2R,35,4S)-4-hydroxy-2-(4-hydroxybenzyl)-pyrrolidin-3-yl acetate (17)

A solution of anisomycin (1, 10 mg, 0.038 mmol, 1 eq.) in DCM (3 mL) at -78 °C
was treated with BBrs (0.06 mL, 0.057 mmol, 1.5 eq., 1 M in DCM). The ice bath was
removed. After stirring for 2.5 h, the reaction mixture warmed to room temperature
and was concentrated under reduced pressure. The residue was purified by HPLC on a
polar-RP column using a gradient of 20 to 80% MeOH (0.1% FA) in H,O (0.1% FA) to give
hydroxybenzyl pyrrolidine 17 (5.34 mg, 56%), which was shown to be >99% pure by LC-MS
analysis [20—80% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 5.69 min]: [a]p?®
20.3 (c 0.18, MeOH); 'H NMR (700 MHz, MeOD) § 8.52 (br s, 1H), 7.11 (d, ] = 8.4 Hz, 2H),
6.77 (d, ] = 8.5 Hz, 2H), 5.03 (br s, 1H), 4.33 (d, ] = 4.3 Hz, 1H), 4.09 (d, ] = 6.9 Hz, 1H), 3.57
(dd, ] =12.7,4.5Hz, 1H), 3.16 (d, ] = 12.7 Hz, 1H), 3.02 (dd, ] = 14.2, 6.9 Hz, 1H), 2.92 (dd,
J =14.2,8.6 Hz, 1H), 2.17 (s, 3H); 3C NMR (176 MHz, MeOD) § 170.9, 157.9, 130.9, 127.9,
116.8, 78.5, 73.6, 63.6, 52.6, 32.4, 20.6. HRMS (ESI*) caled m/z for C13H1sNO4 [M + H]*
252.1230, found 252.1223.

2.5.8. (2R,35,45)-4-hydroxy-2-[3,5-di-(dimethylaminomethyl)-4-hydroxybenzyl]-
pyrrolidin-3-yl acetate (19)

A mixture of hydroxybenzyl pyrrolidine 17 (91% pure, 9.61 mg, 0.038 mmol, 1 eq.)
and aq. saturated NaHCO3 (0.2 mL) in THF (3 mL) at pH = 8-9 was treated with Boc,O
(9.1 mg, 0.042 mmol, 1.1 eq.), stirred for 1 h, and concentrated in vacuo. The reduced
volume was partitioned between EtOAc (5 mL) and water (2 mL). The organic phase was
dried over MgSQOy, filtered, and evaporated in vacuo to a residue, which was purified by
flash chromatography on silica gel eluting with a gradient of 60-90% EtOAc in hexane.
Evaporation of the volatiles gave Boc-desmethylanisomycin 18 (7.90 mg, 59%), which was
dissolved in glacial acetic acid (2 mL) and treated with dimethylamine (6.1 puL, 0.044 mmol,
2.2 eq., 40 wt.% in HyO) and formaldehyde (7.9 pL, 0.044 mmol, 2.2 eq., 37% in water),
heated at 50 °C, stirred for 24 h, and concentrated in vacuo. The reduced volume was
extracted with EtOAc (2 x 5 mL). The organic layers were combined, washed with brine
(5 mL), dried over MgSQy, filtered, and evaporated to a residue. The residue was dissolved
in DCM (5 mL) and treated with HCI gas bubbles for 1 h. The volatiles were removed
under reduced pressure. The residue was purified by HPLC on a polar-RP column using a
gradient of 20% to 80% MeOH (0.1% FA) in H,O (0.1% FA) to give pyrrolidine 19 (5.3 mg,
38%), which was shown to be >99% pure by LC-MS analysis [20—80% MeOH (0.1% FA) in
H,0 (0.1% FA) over 14 min, RT 3.28 min]: [«]p?® 18.5 (c 0.28, MeOH); 'H NMR (500 MHz,
MeOD) 6 7.61 (s, 2H), 5.49 (s, 1H), 5.19 (d, ] = 3.0 Hz, 1H), 4.45 (s, 4H), 4.38 (d, ] = 4.6 Hz,
1H), 4.31-4.27 (m, 1H), 3.66 (dd, ] = 12.7, 4.4 Hz, 1H), 3.26 (d, | = 12.7 Hz, 1H), 3.18-3.08 (m,
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1H), 2.92 (s, 12H), 2.21 (s, 3H). 13C NMR (126 MHz, MeOD) § 171.0, 156.0, 137.0, 130.7, 121.2,
78.3,73.5, 63.2,57.3, 54.8, 52.7, 43.4, 31.8, 20.8. HRMS (ESI*) caled m/z for C1oHz N304
[M + H]* 366.2387, found 366.2379.

2.5.9. (2R,35,45)-4-hydroxy-2-[3,5-di-(morpholinomethyl)-4-hydroxybenzyl]-
pyrrolidin-3-yl acetate (20)

Employing the protocol for the synthesis of Mannich adduct pyrrolidine 19, the
residue (8.2 mg, 0.023 mmol, 1 eq.) from treatment of hydroxybenzyl pyrrolidine 17 with
BocyO, was dissolved in glacial acetic acid (2 mL) and treated with N-morpholine (4.1 uL,
0.046 mmol, 2.2 eq.) and formaldehyde (8.3 uL, 0.046 mmol, 2.2 eq., 37% in water). After
heating at 50 °C and stirring for 20 h, the mixture was worked up and treated as described
above. The residue was purified by HPLC on a polar-RP column using a gradient of 20% to
80% MeOH in H,O to give morpholine 20 (4.2 mg, 41%), which was shown to be >99% pure
by LC-MS analysis [20—80% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 3.52 min]:
[a]p? 15.2 (c 0.29, MeOH); 'H NMR (500 MHz, MeOD) & 7.69 (s, 2H), 5.22 (d, ] = 2.6 Hz,
1H), 4.48 (s, 4H), 4.39 (d, ] = 4.4 Hz, 1H), 4.34-4.27 (m, 1H), 4.09-4.00 (m, 4H), 3.91 (m, 4H),
3.66 (dd, ] = 12.7, 4.4 Hz, 1H), 3.56-3.49 (m, 4H), 3.33-3.24 (m, 5H), 3.17 (dd, ] = 14.7, 5.5 Hz,
1H), 3.09 (dd, ] = 14.4, 9.7 Hz, 1H), 2.22 (s, 3H); 3C NMR (126 MHz, MeOD) 6 171.1, 156.4,
137.7,130.5, 120.2, 78.4, 73.5, 64.9, 63.2, 56.7, 53.2, 52.6, 31.8, 20.9. HRMS (ESI*) caled m/z
for Cp3H36N306 [M + H]* 450.2599, found 450.2602.

2.5.10. (2R,35,4S)-4-hydroxy-2-(4-iso-propoxybenzyl)-pyrrolidin-3-yl acetate (22a)

A mixture of hydroxybenzyl pyrrolidine 17 (93% pure, 11.7 mg, 0.046 mmol, 1 eq.)
and saturated aq. NaHCOj3 (0.3 mL) in THF (3 mL) at pH = 8-9 was treated with Boc,O
(9.1 mg, 0.042 mmol, 1.1 eq.), stirred for 1 h, and concentrated in vacuo. The reduced
volume was partitioned between EtOAc (5 mL) and water (2 mL). The organic phase
was dried over MgSQy, filtered, and evaporated to a residue, which was purified by
flash chromatography on silica gel eluting with a gradient of 60-90% EtOAc in hexane.
Evaporation of the volatiles gave Boc-desmethylanisomycin 18 (9.7 mg, 0.028 mmol, 1 eq.),
which was dissolved in DMF (1.5 mL) and treated with Cs,CO3 (9.1 mg, 0.028 mmol, 1 eq.)
and 2-iodopropane (2.8 uL, 0.028 mmol, 1 eq.). The reaction mixture was heated to 65 °C,
stirred for 2 h, and partitioned between EtOAc (5 mL) and water (2 mL). The aqueous
phase was extracted with EtOAc (2 x 2 mL). The organic phases were combined, washed
with brine (5 mL), dried over MgSQy, filtered, and concentrated to a residue that was
purified by flash chromatography on silica gel eluting with a gradient of 40-90% EtOAc
in hexane. Evaporation of the collected fractions gave the N-Boc-O-iso-propylanisomycin
analog [7.7 mg, Rf = 0.34 (50% EtOAc in hexane)], which was dissolved in DCM (2 mL) and
treated with HCI gas bubbles for 1 h. Evaporation of the volatiles under reduced pressure
gave iso-propyl ether 22a (6.3 mg, 69%), which was shown to be >99% pure by LC-MS
analysis [20—80% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 6.10 min]: [a]p?
31.2 (¢ 0.17, MeOH); 'H NMR (500 MHz, MeOD) 6 8.53 (br s, 1H), 7.19 (d, ] = 8.4 Hz, 2H),
6.88 (d, ] = 8.5 Hz, 2H), 5.03 (br s, 1H), 4.57 (dt, ] = 12.1, 6.1 Hz, 1H), 4.32 (d, ] = 3.4 Hz, 1H),
4.11-4.08 (m, 1H), 3.59-3.55 (m, 1H), 3.15 (d, ] = 12.5 Hz, 1H), 3.03 (dd, ] = 14.0, 7.1 Hz, 1H),
2.98-2.91 (m, 1H), 2.17 (s, 3H), 1.29 (d, ] = 6.0 Hz, 6H); 1*C NMR (126 MHz, MeOD) § 170.9,
158.6,130.9,129.2, 117.5, 78.6, 73.7, 71.0, 63.4, 52.6, 32.4, 22.3, 20.7. HRMS (ESI*) calcd m/z
for C16H24NO4 [M + H]+ 294.1700, found 294.1692.

2.5.11. (2R,3S,45)-4-hydroxy-2-(4-octyloxybenzyl)-pyrrolidin-3-yl acetate (22b)
Employing the protocol for the synthesis of iso-propyl ether 22a, residue 18 (8.3 mg,
0.024 mmol, 1 eq.) in DMF (1.5 mL) was treated with Cs,COs3 (7.8 mg, 0.024 mmol, 1 eq.)
and 1-iodooctane (4.3 uL, 0.024 mmol, 1 eq.), worked up, and purified as described above
to give octyl ether 22b (6.2 mg, 65%), which was shown to be >95% pure by LC-MS analysis
[30—95% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 6.49 min]: [«]p?® 13.7 (c 0.16,
MeOH); 'H NMR (500 MHz, MeOD) § 7.22 (d, ] = 8.7 Hz, 2H), 6.91 (d, ] = 8.7 Hz, 2H),
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5.07 (d, ] = 3.3 Hz, 1H), 4.36 (d, ] = 4.6 Hz, 1H), 4.17 (ddd, ] = 9.8, 6.8, 3.3 Hz, 1H), 3.95 (t,
] = 6.4 Hz, 2H), 3.60 (dd, ] = 12.7, 4.4 Hz, 1H), 3.20 (d, ] = 12.7 Hz, 1H), 3.08 (dd, ] = 14.3,
6.7 Hz, 1H), 2.97 (dd, ] = 14.2, 8.8 Hz, 1H), 2.19 (s, 3H), 1.79-1.72 (m, ] = 14.4, 6.5 Hz, 2H),
1.50-1.43 (m, 2H), 1.37-1.29 (m, 8H), 0.91 (t, ] = 7.0 Hz, 3H). NMR (126 MHz, MeOD) &
170.8, 160.0, 130.9, 128.8, 116.1, 78.3, 73.4, 69.0, 63.7, 52.6, 33.0, 32.2, 30.5, 30.4, 30.3, 27.2, 23.7,
20.6, 14.4. HRMS (ESI*) calcd m1/z for Co1HaaNOy [M + HJ* 364.2482, found 364.2471.

2.5.12. (2R,35,45)-4-hydroxy-2-(4-benzyloxybenzyl)-pyrrolidin-3-yl acetate (22c)

Employing the protocol for the synthesis of iso-propyl ether 22a, residue 18 (9.5 mg,
0.027 mmol, 1 eq.) in DMF (1.5 mL) was treated with Cs,CO3 (8.8 mg, 0.027 mmol, 1 eq.)
and benzyl bromide (3.2 uL, 0.027 mmol, 1 eq.), worked up, and purified as described
above to give benzyl ether 22¢ (7.4 mg, 73%), which was shown to be >99% pure by LC-MS
analysis [20—80% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min, RT 4.93 min]: [x]p?® 33.3
(c 0.20, MeOH); 'H NMR (500 MHz, MeOD) § 8.54 (s, 1H), 7.44 (d, ] = 7.4 Hz, 2H), 7.40-7.36
(m, ] = 8.1, 6.7 Hz, 2H), 7.34-7.30 (m, 1H), 7.23 (d, ] = 8.7 Hz, 2H), 7.01 (d, ] = 8.7 Hz, 2H),
5.10 (s, 2H), 5.06 (d, | = 3.0 Hz, 1H), 4.35 (d, | = 4.6 Hz, 1H), 4.17-4.11 (m, 1H), 3.60 (dd,
J=12.7,45Hz, 1H), 3.18 (d, ] = 12.7 Hz, 1H), 3.07 (dd, ] = 14.2, 6.9 Hz, 1H), 3.00-2.95 (m,
1H), 2.19 (s, 3H); 13C NMR (126 MHz, MeOD) § 170.9, 159.5, 138.7, 130.9, 129.6, 129.5, 128.9,
128.5,116.5,78.5,73.6, 71.0, 63.4, 52.6, 32.4, 20.6. HRMS (ESI*) caled m/z for CopH3NO4
[M + HJ]* 342.1700, found 342.1696.

2.5.13. (2R,35,45)-4-hydroxy-2-(4-carboxymethyloxybenzyl)-pyrrolidin-3-yl acetate (22d)

Employing the protocol used to prepare isopropyl ether 22a, N-Boc-desmethylanisomycin
18 (8.6 mg, 0.025 mmol, 1 eq.) was dissolved in DMF (1.5 mL) and treated with Cs,COs3
(9.7 mg, 0.03 mmol, 1.2 eq.) and tert-butyl bromoacetate (4.4 uL, 0.03 mmol, 1 eq.). After stir-
ring for 3 h, the volatiles were removed under vacuum. The residue (Rf = 0.48, 50% EtOAc
in hexane) was dissolved in DCM (2 mL) and treated first with TFA (2 mL) for 30 min,
followed by HCI gas bubbles for 1 h. Evaporation of the volatiles gave acid 22d (6.1 mg,
62%), which was shown to be >99% pure by LC-MS analysis [10—90% MeOH (0.1% FA) in
H,0 (0.1% FA) over 14 min, RT 5.41 min]. "H NMR (500 MHz, MeOD) § 7.25 (d, ] = 8.7 Hz,
2H), 6.95 (d, ] = 8.7 Hz, 2H), 5.08 (d, | = 3.2 Hz, 1H), 4.66 (s, 2H), 4.36 (d, | = 4.6 Hz, 1H),
4.17 (dd, ] =5.9,3.0 Hz, 1H), 3.60 (dd, | = 12.7, 44 Hz, 1H), 3.19 (d, ] = 12.7 Hz, 1H), 3.10
(dd, J = 14.3,6.5 Hz, 1H), 2.97 (dd, ] = 14.3,9.0 Hz, 1H), 2.18 (s, 3H). *C NMR (126 MHz,
CDCl3) 6 172.6,170.8, 158.9, 131.0, 129.9, 116.3, 78.4, 73.4, 65.8, 63.6, 52.6, 32.2, 20.6. HRMS
(ESI*) caled m/z for C15HygNOg [M + H]* 310.1285, found 310.1280.

3. Results
3.1. Chemistry

Employing anisomycin (1) as a starting material, a set of amine and alcohol-modified
analogs (e.g., 8-11) were first synthesized to examine the importance of the polar sub-
stituents for anti-protozoan activity (Scheme 1). Desacetyl and diacetylanisomysin (2 and
9) were prepared to evaluate the relevance of the acyl functionality [38]. N-methyl ani-
somycin (8) has been previously synthesized by a fifteen-step synthesis from L-diethyl
tartrate [39]. Employing anisomycin, N-methyl pyrrolidine 8 was prepared in 58% yield
using Eschweiler—Clarke reaction conditions with formic acid and formaldehyde and
microwave heating [40].

Modifications of the hydroxyl groups were accomplished by protocols commencing
with N- and N,O-protection with the Boc group using di-tert-butyl dicarbonate in THF and
in MeCN with 4-dimethylaminopyridine (DMAP) to give, respectively, N-(Boc)anisomycin
(12) and N,O-bis-Boc-anisomycin (14) [41]. Subsequently, alcohol 12 was acylated using
acetic anhydride in pyridine, and the Boc group was removed with HCI gas to furnish
diacetylanisomycin (9) in 66% yield. O,O-bis-dimethyl ether 10 was also prepared from
alcohol 12 in 67% yield by a route featuring saponification of the acetyl group, alkylation of
the resulting diol with iodomethane and sodium hydride in DMF, followed by removal of
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the Boc group with HCl gas. Employing a similar protocol on N,O-bis-Boc-anisomycin (14)
gave methyl ether 11 in 59% yield.

H3CO,

H,CO, HCO,H 1) Ac,0, pyridine OAc
80 °C ( pW 2) HCI(g),.DCM
—_ .

CH3 fiHel
H3CO. 8 (58%) 9 (66%)

OH 1) KoCO3, MeOH
. H4CO, o o 0°C ot HsCO, o
- Boc,0, THF Z_f 2) Mel, NaH, DMF \Q\
N —_— _—
W N

INNaOH - 1:R =Ac
80°C-2: R = H (70%)

HCl(g 13 R = Boc
12
CHZC|2 E 10: R = HHCI (67%)
H4CO, ) KoCO3, MeOH HsCO
OB 223 M 1
Boc,0, DMAP ¢ o “Ctort 0 R
| MeCN __2) Mel, NaH, DMF __
W
BOO
14 HCI(g), E15 R R'=Boc
CH,Cly 5 11: R = HHCI, R" = H (59%)

Scheme 1. Synthesis of methylated anisomycin analogs.

The aromatic ring of anisomycin (1) was next modified at the meta-position (e.g., 16,
19-20) by two different protocols (Scheme 2). Electrophilic iodination was accomplished
with N-iodosuccinimide and trifluoroacetic acid in dichloromethane to provide iodide
16 in 53% yield. Substituents were also added to the aromatic ring of phenol 17, which
was obtained from anisomycin using boron tribromide in dichloromethane at —78 °C in
56% yield [42]. The amine of phenol 17 was protected using Boc,O in THF to provide
N-Boc phenol 18. Mannich reactions on phenol 18 using, respectively, dimethylamine and
morpholine with formaldehyde provided bis-aminomethyl phenols 19 and 20 in 38% and
41% yields after Boc group removal with HCl gas. Moreover, phenol 18 was O-alkylated by
alkoxide formation with cesium carbonate in DMF at 65 °C, followed by reaction with a set
of alkyl halides: 2-iodopropane, 1-iodooctane, benzyl bromide, and tert-butyl bromoacetate.
Ethers 22a—c were prepared to respectively examine the effects of alkyl branching, long
chain hydrophobicity, and aromaticity at the phenol position and obtained in 65-73% yields
after Boc group removal with HCl gas. Carboxymethyl ether 22d was isolated in 67% yield
after Boc group and tert-butyl ester removal using trifluoroacetic acid in dichloromethane,
followed by ion exchange with HCl gas to give the hydrochloride salt.

1) R,NH, H,CO,

H3CO BBrs, CH20I2 AcOH, 50°C
AQ, §OH _78"°Ctort HCI(g) CH,Cl,
X .
AN N
H

R'=-CH,NR, HHC|

NIS, F3CCO,H, — 1: X =H 17: R = H (56%) 19: -CH,N(CH), (38%)
CH,Cly L= 16 X = 1 (53%) Boc,0, THF E 8 R = Boc 20: CHN(CH;CH,);0 (41%)
R'X, Cs,CO3, | R'X = a, i-Prl; b, n-CgHgl; ¢, BnBr;
DMF, 65°C d, t-BuO,CCCH,Br
COZH
OH CF3COzH CHzclz O
HCI( , CH,Cl, \®\
21. R = Boc
HCI(g), CH,CI HHCI
(@) CHCL [ 5o e R = HHCI (65-73%) 22d (67%)

Scheme 2. Synthesis of anisomycin analogs modified on the aromatic ring.
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3.2. Anti-Leishmanial Activity of Anisomycin Derivatives

Anisomycin and derivatives possessing modifications on the polar functional groups
(e.g., 2 and 8-11), aromatic meta-position (16, 19, and 20), and phenol (17 and 22a—c) were
initially examined for inhibitory activity on protein synthesis in active lysates of L. tarentolae,
Escherichia coli, and rabbit reticulocytes (Table 1). Anisomycin activity (IC59 = 0.55 uM) on
Leishmania was typically eliminated by modification of the amine and alcohol functional
groups (e.g., 2 and 8-10). Notably, replacement of the 3-acetoxy group by a methyl ether
gave a 44-fold drop in activity against Leishmania and a 700-fold loss in reticulocyte cyto-
toxicity, with a net improvement in the selectivity index. Furthermore, the introduction of
substituents to the aromatic meta-position in analogs 16, 19, and 20 abolished anti-protozoan
activity. Removal of the methyl ether at the aromatic para-position caused a nearly 100-fold
loss of anti-protozoan activity, which was partially restored by replacing the methyl group
with other ethers: O-i-Pr, O-n-octyl, and O-benzyl analogs 22a—c. Ethers 22a—c were, re-
spectively, 2-, 67-, and 14-fold less active than anisomycin against Leishmania. Relative
to the clinically used paromomycin, anisomycin (1) and iso-propyl ether 22a exhibited
better anti-protozoan activity, no effect on E. coli, but lower selectivity indices. Inhibitory
activity on L. donovani promastigotes was subsequently measured according to the reported
protocol [43] and reflected results from the inhibition of protein translation assay.

Table 1. Inhibition of translation in active cell lysates derived from L. tarentolae, bacteria (E. coli),
and rabbit reticulocytes (RR) and inhibition of L. donovani promastigote growth by anisomycin and

derivatives.
RS
R4O 1 2
R'O  OR
R6 f ;
W'
N
R3
ICsp (uM) LCsp (uM) SI
Analog R! R? R3 R* RS R® ;
L. tarentolae E. coli RR

Paromomycin 3.62 + 0.09 0.051 + 0.005 21 +1.1 35.2 0.2
1 Ac H H Me H H 0.55 + 0.03 >500 0.1 £0.02 0.22 +0.015 25

2 H H H Me H H >100 >1000 >1000 >>600 -

8 Ac H Me Me H H >100 >1000 25.5 +3.6 >>600 -

9 Ac Ac H Me H H >100 >1000 25.7 + 8.5 >>600 -

10 Me Me H Me H H >1000 >1000 >1000 >>600 -
11 Me H H Me H H 24+25 >1000 709 £ 8.3 >>600 0.3

16 Ac H H Me I H >1000 >1000 737 £1.7 >>600 -
17 Ac H H H H H 53.7 £ 6.1 >200 6.2 £ 045 35+7.2 8.6

19 Ac H H H -CHyN(CH3), >1000 >200 707 £7.3 >>600 -

20 Ac H H H -CH,;N(CH,CH,),0 >1000 >1000 >1000 >>600 -
22a Ac H H i-Pr H H 1.13 £0.12 >200 09+0.3 0.3 £0.12 1.2
22b Ac H H oggfl H H 335 +8.2 >200 9.5+3.5 52+15 3.5
22¢ Ac H H Bn H H 7.96 + 1.02 >200 09402 1.9+03 8.8

IC5: inhibition of translation. LCsy: inhibition of Leishmania donovani (MHOM/SD/1962/15-Cl2d) promastigotes
growth. SI (selectivity index) = ICsq L. tarentolae/ICsp RR.

Considering the in vitro protein translation inhibition activities of the different ether
analogs as well as activity on L. donovani prosmatigotes, the O-i-Pr, O-octyl, and O-
carboxymethyl analogs (22a, 22¢, and 22d) were further tested against promastigotes
of various Leishmania strains, including L. major and L. infantum, as well as strains that
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developed resistance to current anti-leishmanial drugs such as pentavalent antimonials,
miltefosine, and amphotericin B (Table 2). The most active O-i-Pr analog, 22a, in the
translation assay exhibited similar inhibitory activity against the different Leishmania pro-
mastigotes and slightly improved activity against the resistant strains as that displayed by
anisomycin (1).

Table 2. Anti-leishmanial activity of anisomycin and derivatives.

RO
AcO, OH
W' C j
N
H
ICs¢ (uM)
# R
Ldi WT! LmF WT 2 Ldi Sb-Res 3 Ldi MF-Res?  Ldi AmB-Res ®
Miltefosine 7.16 + 0.21 8.47 +1.18 8.21 4+ 0.53 >200 30.34 + 4.28
Antimony 75.80 + 6.13 25.02 +1.13 >2000 85.33 +7.10 90.25 + 8.30
Anisomycin (1, nM) 123.9 + 5.34 109.56 + 9.16 2949 4+ 12.45 467.5 + 30.11 168.6 + 10.90
22a (nM) i-Pr 121.80 + 5.62 180.17 + 4.69 128.80 + 3.16 132.70 + 7.80 118.90 + 14.07
22b n-Octyl 1.11 £+ 0.03 1.75 +0.12 1.75 + 0.08 1.83 + 0.06 1.78 + 0.58
22d -CH,CO,H 149 +2.18 16.55 + 2.23 15.98 + 1.03 18.17 + 2.33 19.23 + 1.24

! Leishmania infantum (MHOM/MA /67 /ITMAP-263) wild-type strain; 2 Leishmania major Friedlin; 3 Leish-
mania infantum (MHOM/MA /67 /ITMAP-263) resistant to 2 mM trivalent (and pentavalent) antimonials;
4 Leishmania infantum (MHOM/MA /67 /ITTMAP-263) resistant to 200 uM miltefosine; > Leishmania infantum
(MHOM/MA /67 /ITMAP-263) resistant to 1 uM amphotericin B.

The most active analog in the promastigote assays, O-iso-propyl ether 22a, was tested
on intracellular forms of Leishmania in macrophages. Against the amastigotes of L. infantum
and L. major, ether 22a exhibited, respectively, 3.3 and 3.6-fold higher activity (ECsg 33.31 nM
and 53.66 nM) than that observed against the promastigote (Figure 2). In addition, ether
22a exhibited 5-10-fold greater selectivity against the different amastigotes relative to
host macrophage toxicity, which was examined using a 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl-tetrazolium bromide (MTT) survival assay.

1004
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Figure 2. Effect of O-iso-propyl ether 22a on BMDM macrophages infected with (A) L. infantum WT
and (B) L. major WT for 48 h.
4. Discussion

Focused on a better understanding of the structure-activity relationships of ani-
somycin against Leishmania, a systematic study was performed to validate the importance
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of the pyrrolidine and aromatic ring substituents for anti-parasitic activity and reticulocyte
toxicity.

Previously, crystal structures of anisomycin bound to eukaryotic ribosomes (Saccha-
romyces cerevisiae) and archaeal ribosomes (Haloarcula marismortui) demonstrated high
conservation in the binding orientation [4]. Anisomycin is positioned in the peptidyl
transferase center of the ribosome through the hydrogen bonds formed by the hydroxy
group (with nucleotides of LSU rRNA Y2504, G2505 (E. coli numbering)) and the nitrogen
(C2452) [44]. Considering that the binding site of anisomycin is highly conserved between
bacteria, yeast, humans, and Leishmania, a graphic model was constructed to rationalize the
observed results (Figure 3).

U131 (£2504) ¢ C1259 (C2452)

/7
A643 s
-
L,’A1379 e C1380

aaen

/—\/’{\ N
_//]§13(U2506)§/

\\

(\01314
1382

Figure 3. Graphical depiction of the conserved binding site of anisomycin in L. major ribosome. The
80S ribosome (80V]) of L. major was superimposed on the 50S ribosome of H. marismortui (PDB ID:
3CC4), and nucleotides proposed to contact anisomycin (colored in cyan) are highlighted in orange;
the corresponding homologs in E. coli rRNA are presented in parentheses; pseudouridine nucleotide

As44
G1312 (G2505)

is indicated with ¥ symbol.

Decreases in anti-leishmanial activity upon modification of the pyrrolidine ring sub-
stituents may likely be due to losses of key hydrogen-bond interactions. For example,
deacetyl, 3-methoxy, and 3,4-dimethoxy analogs 2, 10, and 11 were inactive against L. taren-
tolae translation and confirmed the importance of the acetyl group as previously reported
using an anti-yeast assay [45]. The affinity and specificity of anisomycin for the ribosome
A-site are also determined by the interactions of the aromatic ring with the nucleotide bases
of C2452 and U2506 [43]. The loss of activity of the mono- and di-meta-substituted analogs
(e.g., 20) suggests that steric hindrance may prevent the entrance of aromatic rings in the
A-site.

Upon binding to the ribosome, the p-methoxyphenyl group inserts completely into the
hydrophobic crevice of the A-site and blocks the access of the incoming aminoacyl-tRNAs,
causing the disruption of peptide bond formation [46]. The inactivity of the demethylated
analog on the inhibition of translation may be explained by a loss of hydrophobicity. On the
other hand, alternative phenolic ethers were tolerated. Notably, O-i-Pr, O-Octyl, O-benzyl,
and O-CH,CO,H phenolic ethers 22a-22d all retained varying degrees of anti-parasitic ac-
tivity in the Leishmania translation assay and against live promastigotes. Moreover, certain
phenolic ethers (e.g., O-i-Pr 22a) exhibited subtle but significantly lower inhibition of retic-
ulocyte translation, indicating the potential to differentiate toxicity from anti-leishmanial
activity. Against the intracellular parasite stage (amastigotes), the anti-leishmanial activity
of O-i-Pr 22a was higher than against the extracellular stage (promastigotes) [47]. This
phenomenon demonstrated that O-i-Pr 22a was able to enter the host BMDM cells to act on
the intracellular amastigote infection without host cell toxicity [48].
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5. Conclusions

The anti-protozoal activity of anisomycin has been known since the 1950s. In spite
of intriguing mechanisms of action involving inhibitory activity on protein synthesis
and modulatory activity on various kinases, the therapeutic utility of anisomycin has
been compromised due to its limited selectivity. A systematic study of the importance
of the pyrrolidine and aromatic ring functional groups for the anti-protozoal activity of
anisomycin has revealed a high sensitivity to chemical modification. Earlier substitutions
of the para-methoxy substituent by methyl and protons gave analogs with reduced anti-
protozoal activity [16]. Conversion of the methoxyphenyl group to alternative ethers has,
however, illuminated an entry point for designing anisomycin analogs that differentiate
anti-leishmanial activity from host cytotoxicity. Future efforts to improve anti-parasitic
potency and selectivity are under investigation and will be reported in due time.

Author Contributions: C.R.-T. and A.V.I.-M. formal analysis, investigation; C.F.-P. and W.D.L. con-
ceptualization, formal analysis, funding acquisition, methodology, project administration, resources,
supervision, validation, visualization, writing—review and editing; M.S.-B. conducted the in vitro
experiments; A.M.T.N. chemical syntheses, formal analysis, investigation, writing; M.S.-B., A.Y., AB.,
C.LJ.,M.O., CE-P. and W.D.L. proofread and edited the manuscript; A.Y., A.B., C.L.J.,, CE-P, M.O.
and W.D.L. supervised the progress of the project. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by a New Frontiers in Research Fund Exploration Grant
NFRFE-2018-00766 and Canadian Institutes of Health Research grant (#469305) “Safe and selective
anti-parasite therapy targeting ribosome and glycosome function” awarded to CFP, MO, and WL; the
Natural Sciences and Engineering Research Council (NSERC) of Canada Discovery Grant Program
Projects #06647 (WL) and RGPIN-2017-04480 (CFP); the Fonds de recherche du Québec—Nature et
technologies (FRQNT) Centre in Green Chemistry and Catalysis, Project #171310 (WL). The Canada
Foundation for Innovation (www.innovation.ca), grant number 37324. CRT was supported by
the FRONT and the NSERC studentship programs. This work was supported by the UM-Israel
Partnership for Research, the Weizmann Abroad Postdoctoral Program for Advancing Women in
Science (to M.S.-B); and the Michael and Penny Feiwel Chair for Research in Dermatology (C.L.]J).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicanle.

Acknowledgments: We acknowledge the assistance of members of the Université de Montreal
facilities: A. Furtos, M.-C. Tang, and L. Mahrouche (mass spectrometry, HPLC analyses), C. Malveau,
P. Aguiar, and S. Bilodeau (NMR spectroscopy) and Shanmugha-Rajan K from Weizmann Institute of
Science for structural superposition.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sobin, B.A.; Tanner, EW.,, Jr. Anisomycin, 1 A new anti-protozoan antibiotic. J. Am. Chem. Soc. 1954, 76, 4053. [CrossRef]

2. Grollman, A.P. Inhibitors of protein biosynthesis: II. Mode of action of anisomycin. J. Biol. Chem. 1967, 242, 3226-3233. [CrossRef]
[PubMed]

3. Macias-Silva, M.; Vazquez-Victorio, G.; Hernandez-Damian, J. Anisomycin is a multifunctional drug: More than just a tool to
inhibit protein synthesis. Curr. Chem. Biol. 2010, 4, 124-132.

4. de Loubresse, N.G.; Prokhorova, I.; Holtkamp, W.; Rodnina, M.V.; Yusupova, G.; Yusupov, M. Structural basis for the inhibition of
the eukaryotic ribosome. Nature 2014, 513, 517-522. [CrossRef]

5. Mahadevan, L.C.; Edwards, D.R. Signalling and superinduction. Nature 1991, 349, 747-748. [CrossRef]

6. Cano, E.; Mahadevan, L.C. Parallel signal processing among mammalian MAPKs. Trends Biochem. Sci. 1995, 20, 117-122.
[CrossRef]

7.  Barros, L.F; Young, M.; Saklatvala, J.; Baldwin, S.A. Evidence of two mechanisms for the activation of the glucose transporter
GLUT1 by anisomycin: P38 (MAP kinase) activation and protein synthesis inhibition in mammalian cells. J. Physiol. 1997, 504,
517-525. [CrossRef]


www.innovation.ca
https://doi.org/10.1021/ja01644a076
https://doi.org/10.1016/S0021-9258(18)95953-3
https://www.ncbi.nlm.nih.gov/pubmed/6027796
https://doi.org/10.1038/nature13737
https://doi.org/10.1038/349747c0
https://doi.org/10.1016/S0968-0004(00)88978-1
https://doi.org/10.1111/j.1469-7793.1997.517bd.x

Biomedicines 2023, 11, 2541 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Junghae, M.; Raynes, ].G. Activation of p38 mitogen-activated protein kinase attenuates Leishmania donovani infection in
macrophages. Infect. Immun. 2002, 70, 5026-5035. [CrossRef]

Chang, C.-C.; Ou, Y.-C.; Raung, S.-L.; Chen, C.-]. Antiviral effect of dehydroepiandrosterone on Japanese encephalitis virus
infection. J. Gen. Virol. 2005, 86, 2513-2523. [CrossRef]

Quintana, V.M,; Selisko, B.; Brunetti, ].E.; Eydoux, C.; Guillemot, J.; Canard, B.; Damonte, E.B.; Julander, J.; Castilla, V. Antiviral
activity of the natural alkaloid anisomycin against dengue and Zika viruses. Antivir. Res. 2020, 176, 104749. [CrossRef]

Croons, V.; Martinet, W.; Herman, A.G.; Timmermans, J.-P.; De Meyer, G.R. The protein synthesis inhibitor anisomycin induces
macrophage apoptosis in rabbit atherosclerotic plaques through p38 mitogen-activated protein kinase. J. Pharmacol. Exp. Ther.
2009, 329, 856-864. [CrossRef] [PubMed]

Ye, W.; Ni, Z.; Yicheng, S.; Pan, H.; Huang, Y.; Xiong, Y.; Liu, T. Anisomycin inhibits angiogenesis in ovarian cancer by attenuating
the molecular sponge effect of the IncRNA-Meg3/miR-421/PDGFRA axis. Int. ]. Oncol. 2019, 55, 1296-1312. [CrossRef] [PubMed]
Tang, Z.; Xing, F; Chen, D.; Yu, Y,; Yu, C.; Dji, J.; Liu, ]. In vivo toxicological evaluation of Anisomycin. Toxicol. Lett. 2012, 208,
1-11. [CrossRef] [PubMed]

El Nemr, A.; El Ashry, E. New Developments in the Synthesis of Anisomycin and Its Analogues. In Heterocycles from Carbohydrate
Precursors; Springer: Berlin/Heidelberg, Germany, 2007; pp. 249-285.

Six, P.; Goossens, J.-F,; Riquet, W.; Brel, V.; Fournier, E.; Annereau, ].-P.; Kruczynski, A.; Castillo-Aguilera, O.; Depreux, P.; Bailly,
C.; et al. Hemisynthesis of Anisomycin Derivatives as Antitumor Agents. Med. Chem. 2015, 5, 183-191. [CrossRef]

Hall, S.S.; Loebenberg, D.; Schumacher, D.P. Structure-activity relationships of synthetic antibiotic analogs of anisomycin. J. Med.
Chem. 1983, 26, 469-475. [CrossRef]

Monaghan, D.; O’Connell, E.; Cruickshank, FL.; O’Sullivan, B; Giles, EJ.; Hulme, A.N.; Fearnhead, H.O. Inhibition of protein
synthesis and JNK activation are not required for cell death induced by anisomycin and anisomycin analogues. Biochem. Biophys.
Res. Commun. 2014, 443,761-767. [CrossRef] [PubMed]

Rosser, E.M.; Morton, S.; Ashton, K.S.; Cohen, P.; Hulme, A.N. Synthetic anisomycin analogues activating the JNK/SAPK1 and
p38/SAPK2 pathways. Org. Biomol. Chem. 2004, 2, 142-149. [CrossRef]

Shi, S.; Zhu, S.; Gerritz, SSW.; Esposito, K.; Padmanabha, R.; Li, W.; Herbst, J.J.; Wong, H.; Shu, Y.Z.; Lam, K.S. Solid-phase
synthesis and anti-infective activity of a combinatorial library based on the natural product anisomycin. Bioorg. Med. Chem. Lett.
2005, 15, 4151-4154. [CrossRef]

Ehrenkaufer, G.; Li, P.,; Stebbins, E.E.; Kangussu-Marcolino, M.M.; Debnath, A.; White, C.V.; Moser, M.S.; DeRisi, J.; Gisselberg, J.;
Yeh, E. Identification of anisomycin, prodigiosin and obatoclax as compounds with broad-spectrum anti-parasitic activity. PLoS
Negl. Trop. Dis. 2020, 14, e0008150. [CrossRef]

Awasthi, A.; Mathur, R.; Khan, A.; Joshi, B.N.; Jain, N.; Sawant, S.; Boppana, R.; Mitra, D.; Saha, B. CD40 signaling is impaired in
L. major—infected macrophages and is rescued by a p38MAPK activator establishing a host-protective memory T cell response. J.
Exp. Med. 2003, 197, 1037-1043. [CrossRef]

Burza, S.; Croft, S.L.; Boelaert, M. Leishmaniasis. Lancet 2018, 392, 951-970. [CrossRef] [PubMed]

Poulaki, A.; Piperaki, E.T.; Voulgarelis, M. Effects of visceralising leishmania on the spleen, liver, and bone marrow: A pathophys-
iological perspective. Microorganisms 2021, 9, 59. [CrossRef] [PubMed]

Bilgic-Temel, A.; Murrell, D.F,; Uzun, S. Cutaneous leishmaniasis: A neglected disfiguring disease for women. Int. |. Womens
Dermatol. 2019, 5, 158-165. [CrossRef] [PubMed]

Strazzulla, A.; Cocuzza, S.; Pinzone, M.R.; Postorino, M.C.; Cosentino, S.; Serra, A.; Cacopardo, B.; Nunnari, G. Mucosal
leishmaniasis: An underestimated presentation of a neglected disease. Biochem. Biophys. Res. Commun. 2013, 2013, 805108.
[CrossRef] [PubMed]

Olias-Molero, A L; de la Fuente, C.; Cuquerella, M.; Torrado, ].J.; Alunda, .M. Antileishmanial drug discovery and development:
Time to reset the model? Microorganisms 2021, 9, 2500. [CrossRef]

Olivier, M.; Gregory, D.J.; Forget, G. Subversion mechanisms by which Leishmania parasites can escape the host immune response:
A signaling point of view. Clin. Microbiol. Rev. 2005, 18, 293-305. [CrossRef]

Leatherbarrow, R.J. GraFit, version 7; Erithacus Software Ltd.: East Grinstead, UK, 2010.

Brotherton, M.-C.; Bourassa, S.; Leprohon, P.; Légaré, D.; Poirier, G.G.; Droit, A.; Ouellette, M. Proteomic and genomic analyses of
antimony resistant Leishmania infantum mutant. PLoS ONE 2013, 8, e81899. [CrossRef]

El Fadili, K.; Messier, N.; Leprohon, P.; Roy, G.; Guimond, C.; Trudel, N.; Saravia, N.G.; Papadopoulou, B.; Légaré, D.; Ouellette,
M. Role of the ABC transporter MRPA (PGPA) in antimony resistance in Leishmania infantum axenic and intracellular amastigotes.
Antimicrob. Agents Chemother. 2005, 49, 1988-1993. [CrossRef]

Brotherton, M.-C.; Bourassa, S.; Légaré, D.; Poirier, G.G.; Droit, A.; Ouellette, M. Quantitative proteomic analysis of amphotericin
B resistance in Leishmania infantum. Int. ]. Parasitol. Drugs Drug Resist. 2014, 4, 126-132. [CrossRef]

Fernandez-Prada, C.; Vincent, LM.; Brotherton, M.-C.; Roberts, M.; Roy, G.; Rivas, L.; Leprohon, P.; Smith, TK.; Ouellette, M.
Different mutations in a P-type ATPase transporter in Leishmania parasites are associated with cross-resistance to two leading
drugs by distinct mechanisms. PLoS Negl. Trop. Dis. 2016, 10, €0005171. [CrossRef]

Revilla-Lopez, G.; Rodriguez-Ropero, F.; Curcé, D.; Torras, J.; Isabel Calaza, M.; Zanuy, D.; Jiménez, A.IL; Cativiela, C.; Nussinov,
R.; Aleman, C. Integrating the intrinsic conformational preferences of noncoded x-amino acids modified at the peptide bond into
the noncoded amino acids database. Proteins 2011, 79, 1841-1852. [CrossRef]


https://doi.org/10.1128/IAI.70.9.5026-5035.2002
https://doi.org/10.1099/vir.0.81123-0
https://doi.org/10.1016/j.antiviral.2020.104749
https://doi.org/10.1124/jpet.108.149948
https://www.ncbi.nlm.nih.gov/pubmed/19286921
https://doi.org/10.3892/ijo.2019.4887
https://www.ncbi.nlm.nih.gov/pubmed/31638182
https://doi.org/10.1016/j.toxlet.2011.10.001
https://www.ncbi.nlm.nih.gov/pubmed/22004851
https://doi.org/10.4172/2161-0444.1000262
https://doi.org/10.1021/jm00358a003
https://doi.org/10.1016/j.bbrc.2013.12.041
https://www.ncbi.nlm.nih.gov/pubmed/24333448
https://doi.org/10.1039/b311242j
https://doi.org/10.1016/j.bmcl.2005.06.004
https://doi.org/10.1371/journal.pntd.0008150
https://doi.org/10.1084/jem.20022033
https://doi.org/10.1016/S0140-6736(18)31204-2
https://www.ncbi.nlm.nih.gov/pubmed/30126638
https://doi.org/10.3390/microorganisms9040759
https://www.ncbi.nlm.nih.gov/pubmed/33916346
https://doi.org/10.1016/j.ijwd.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/31360749
https://doi.org/10.1155/2013/805108
https://www.ncbi.nlm.nih.gov/pubmed/23853773
https://doi.org/10.3390/microorganisms9122500
https://doi.org/10.1128/CMR.18.2.293-305.2005
https://doi.org/10.1371/journal.pone.0081899
https://doi.org/10.1128/AAC.49.5.1988-1993.2005
https://doi.org/10.1016/j.ijpddr.2014.05.002
https://doi.org/10.1371/journal.pntd.0005171
https://doi.org/10.1002/prot.23009

Biomedicines 2023, 11, 2541 16 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Douanne, N.; Wagner, V.; Roy, G.; Leprohon, P.; Ouellette, M.; Fernandez-Prada, C. MRPA-independent mechanisms of antimony
resistance in Leishmania infantum. Int. J. Parasitol. Drugs Drug Resist. 2020, 13, 28-37. [CrossRef] [PubMed]

Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. Sect. D Biol. Crystallogr.
2010, 66, 486-501. [CrossRef] [PubMed]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.L; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70-82. [CrossRef] [PubMed]

Eliaz, D.; Doniger, T.; Tkacz, 1.D.; Biswas, V.K.; Gupta, S.K.; Kolev, N.G.; Unger, R.; Ullu, E.; Tschudi, C.; Michaeli, S. Genome-wide
analysis of small nucleolar RNAs of Leishmania major reveals a rich repertoire of RNAs involved in modification and processing
of rRNA. RNA Biol. 2015, 12, 1222-1255. [CrossRef]

Nickell, L.G.; Pennington, F.C.; Solomons, I.A. Parasiticidal agent and process for producing same. U.S. Patent No. 2,935,444, 3
May 1960.

Tokuda, M.; Fujita, H.; Miyamoto, T.; Suginome, H. New total synthesis of (+)-N-methylanisomycin by anodic cyclization of
d-alkenylamine. Tetrahedron 1993, 49, 2413-2426. [CrossRef]

Eschweiler, W. Ersatz von an Stickstoff gebundenen Wasserstoffatomen durch die Methylgruppe mit Hiilfe von Formaldehyd.
Berichte Dtsch. Chem. Ges. 1905, 38, 880-882. [CrossRef]

Basel, Y.; Hassner, A. Di-tert-butyl dicarbonate and 4-(dimethylamino) pyridine revisited. Their reactions with amines and
alcoholsl. . Org. Chem. 2000, 65, 6368—6380. [CrossRef]

McOmie, J.; Watts, M.; West, D. Demethylation of aryl methyl ethers by boron tribromide. Tetrahedron 1968, 24, 2289-2292.
[CrossRef]

Shalev, M.; Rozenberg, H.; Smolkin, B.; Nasereddin, A.; Kopelyanskiy, D.; Belakhov, V.; Schrepfer, T.; Schacht, J.; Jaffe, C.L,;
Adir, N. Structural basis for selective targeting of leishmanial ribosomes: Aminoglycoside derivatives as promising therapeutics.
Nucleic Acids Res. 2015, 43, 8601-8613. [CrossRef]

Blaha, G.; Giirel, G.; Schroeder, S.J.; Moore, P.B.; Steitz, T.A. Mutations outside the anisomycin-binding site can make ribosomes
drug-resistant. J. Mol. Biol. 2008, 379, 505-519. [CrossRef] [PubMed]

Zheng, X.; Cheng, Q.; Yao, F.; Wang, X.; Kong, L.; Cao, B.; Xu, M; Lin, S.; Deng, Z.; Chooi, Y.-H. Biosynthesis of the pyrrolidine
protein synthesis inhibitor anisomycin involves novel gene ensemble and cryptic biosynthetic steps. Proc. Natl. Acad. Sci. USA
2017, 114, 4135-4140. [CrossRef] [PubMed]

Hansen, J.L.; Moore, P.B.; Steitz, T.A. Structures of five antibiotics bound at the peptidyl transferase center of the large ribosomal
subunit. . Mol. Biol. 2003, 330, 1061-1075. [CrossRef]

Bhattacharya, A.; Corbeil, A.; do Monte-Neto, R.L.; Fernandez-Prada, C. Of Drugs and Trypanosomatids: New Tools and
Knowledge to Reduce Bottlenecks in Drug Discovery. Genes 2020, 11, 722. [CrossRef] [PubMed]

De Muylder, G.; Ang, KK.; Chen, S.; Arkin, M.R,; Engel, ].C.; McKerrow, ].H. A screen against Leishmania intracellular
amastigotes: Comparison to a promastigote screen and identification of a host cell-specific hit. PLoS Negl. Trop. Dis. 2011, 5, €1253.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijpddr.2020.03.003
https://www.ncbi.nlm.nih.gov/pubmed/32413766
https://doi.org/10.1107/S0907444910007493
https://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1002/pro.3943
https://www.ncbi.nlm.nih.gov/pubmed/32881101
https://doi.org/10.1080/15476286.2015.1038019
https://doi.org/10.1016/S0040-4020(01)86320-1
https://doi.org/10.1002/cber.190503801154
https://doi.org/10.1021/jo000257f
https://doi.org/10.1016/0040-4020(68)88130-X
https://doi.org/10.1093/nar/gkv821
https://doi.org/10.1016/j.jmb.2008.03.075
https://www.ncbi.nlm.nih.gov/pubmed/18455733
https://doi.org/10.1073/pnas.1701361114
https://www.ncbi.nlm.nih.gov/pubmed/28373542
https://doi.org/10.1016/S0022-2836(03)00668-5
https://doi.org/10.3390/genes11070722
https://www.ncbi.nlm.nih.gov/pubmed/32610603
https://doi.org/10.1371/journal.pntd.0001253
https://www.ncbi.nlm.nih.gov/pubmed/21811648

	Introduction 
	Materials and Methods 
	In Vitro Inhibition of Translation Assays 
	Leishmania Cultures and Anti-Leishmanial Activity Determination 
	Drug Susceptibility Assays in Infected BMDM 
	Superimposition of Ribosome Structures 
	Chemistry 
	(2R,3S,4S)-3,4-dihydroxy-2-(4-methoxybenzyl)-pyrrolidine (2) 
	(2R,3S,4S)-1-methyl-4-hydroxy-2-(4-methoxybenzyl)-pyrrolidin-3-yl acetate (8) 
	(2R,3S,4S)-3,4-diacetoxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (9) 
	(2R,3S,4S)-3,4-dimethoxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (10) 
	(2R,3S,4S)-3-methoxy-4-hydroxy-2-(4-methoxybenzyl)-pyrrolidine hydrochloride (11) 
	(2R,3S,4S)-4-hydroxy-2-(3-iodo-4-methoxybenzyl)-pyrrolidin-3-yl acetate (16) 
	(2R,3S,4S)-4-hydroxy-2-(4-hydroxybenzyl)-pyrrolidin-3-yl acetate (17) 
	(2R,3S,4S)-4-hydroxy-2-[3,5-di-(dimethylaminomethyl)-4-hydroxybenzyl]-pyrrolidin-3-yl acetate (19) 
	(2R,3S,4S)-4-hydroxy-2-[3,5-di-(morpholinomethyl)-4-hydroxybenzyl]-pyrrolidin-3-yl acetate (20) 
	(2R,3S,4S)-4-hydroxy-2-(4-iso-propoxybenzyl)-pyrrolidin-3-yl acetate (22a) 
	(2R,3S,4S)-4-hydroxy-2-(4-octyloxybenzyl)-pyrrolidin-3-yl acetate (22b) 
	(2R,3S,4S)-4-hydroxy-2-(4-benzyloxybenzyl)-pyrrolidin-3-yl acetate (22c) 
	(2R,3S,4S)-4-hydroxy-2-(4-carboxymethyloxybenzyl)-pyrrolidin-3-yl acetate (22d) 


	Results 
	Chemistry 
	Anti-Leishmanial Activity of Anisomycin Derivatives 

	Discussion 
	Conclusions 
	References

