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ABSTRACT: Neglected tropical diseases caused by trypanosoma-
tid parasites present a major public healthcare issue, partly due to
emerging resistance. Attachment of w-alkynyl chains characteristic
of the lipid tails of antiparasitic peptides to the p-position of
anisomycin gave ethers exhibiting potent activity, rivalling that of
the parent ribosomal inhibitor, especially against resistant
Leishmania strains. Single-particle cryoelectron microscopy analysis
revealed that O-propargyl anisomycin binds to the highly conserved
peptidyl transferase center of the ribosome similar to the parent
inhibitor. Thermal proteomic profiling and gene ontology analysis
demonstrated that O-propargyl anisomycin exhibited a broader
mode of action, including activity against glycosome-associated
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proteins. Alkynyl substituents improved antiparasitic activity against resistant strains, likely by enlarging the mode of action, offering

a novel path toward therapy against trypanosomatid infections.

B INTRODUCTION

Trypanosomatid parasite neglected tropical diseases (NTDs)
pose significant health risks.' Leishmaniasis, Human African
Trypanosomiasis (HAT), and Chagas disease (CD) collectively
affect millions, particularly in tropical and subtropical
regions.”~* Current therapy has been undermined by parasite
resistance, which is exacerbated by urbanization, globalization,
and poor healthcare infrastructure.”® Although vaccine develop-
ment is desired,” " chemotherapy remains the standard of care
for treating Trypanosomatid infections.'” Effective, inexpensive
medications are urgently required to surmount inadequacies of
current outdated therapeutics to overcome resistant parasite
strains without host toxicity.""*

Leishmaniasis is transmitted by the bite of infected female
phlebotomine sand flies and occurs primarily in regions of South
Asia, the Mediterranean, and South America. The visceral
leishmaniasis form, which can lead to hepatosplenomegaly,
anemia, and death, is one of the four clinical manifestations,
alongside cutaneous, mucocutaneous, and post-kala-azar dermal
leishmaniasis.'* Antileishmanial drugs, such as miltefosine (1),
sodium stibogluconate (2), and amphotericin B (3, Figure 1),
have limited utility due in part to gene transfer from resistant
strains, host toxicity, and restrictive costs."*

HAT is caused by Trypanosoma (T.) brucei gambiense and
Trypanosoma brucei rhodesiense, which are spread by two species
of tsetse flies, primarily in West and Central Africa. HAT
progresses from the hemolymphatic stage to the fatal
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encephalitic stage.'® Despite issues of host toxicity and parasite
resistance, older therapies, such as pentamidine (4), remain the
standard of care for HAT. The causative parasite of CD,
Trypanosoma cruzi, is transmitted to humans by several species
of the triatominae (kissing bug) primarily in Latin America.'®
Often asymptomatic in the acute phase, CD can cause chronic
cardiomyopathy and gastrointestinal disorders in 30—40% of
infected individuals.'>'”

In the 21st century, substantial effort has been made to
develop new treatments for trypanosomatid infections. Certain
chemical entities have entered clinical trials."* ™' For example,
Fexinidazole (S) received Food and Drug Administration
approval for oral treatment for early stage HAT.” Resistance
has, however, been reported against the common activation
mechanism of such nitroimidazole drugs.23

In clinical trials, oral acoziborole (6) exhibited efficacy and a
favorable safety profile against HAT.** For leishmaniasis,
pyrrolopyrimidine DNDI-6174 is a preclinical candidate,
which targets cytochrome bcl.”® The nonapeptide Lefleuganan
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Figure 1. Conventional medications and those in development to treat leishmaniasis and HAT.
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Figure 2. Anisomycin (7), almiramide (10), *5 and derivatives 8, 9, 11, and 12 4046 1 eishmania (L.) infantum (MHOM/MA/67/ITMAP-263),

¥

resistant to 2 mM trivalent (and pentavalent) antimonials, *WT = wild type, Oresistant to 1 uM amphotericin B.

has shown promise as a clinical candidate that causes membrane
disruption.”

Despite the potential for drug—drug interactions due to
complex pharmacokinetics,”’ interest has shifted toward
combination therapy to treat trypanosomatid infection because
of resistance and the limited efficacy of monotherapies.”*™°
Single dual-targeting drugs may, however, offer greater potential
to avoid drug—drug interactions, improve pharmacological
properties, and deliver therapy for administration in a simplified
regimen to enhance patient compliance.”””" Dual-targeting
agents that interfere with more than one process for parasite
survival have shown promise for treating NTDs.** For example,
quinone—coumarin conjugates and related crassiflorone de-
rivatives possessing activity against parasite glyceraldehyde-3-
phosphate dehydrogenase and trypanothione reductase have
exhibited micromolar anti-Trypanosoma potency at relatively
low mammalian host cell cytotoxicity.”>** Other dual-targeting
agents against trypanothione reductase and iron superoxide
dismutase have exhibited micromolar inhibitory effects on
Leishmania donovani promastigotes.” Similarly, cadaverine-
anthraquinone conjugates have exhibited effective inhibition
against T. brucei by interfering with trypanothione reductase,
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depleting NADPH, and dlsruptln% parasite redox balance by
generating reactive oxygen species.

The antimicrobial natural product anisomycin (7, Figure 2)
exhibits various activities,”” but is best known as an inhibitor of
translation that blocks ribosome function.”®™*' Considering the
subtle structural differences between mammalian and parasite
species,”” and the therapeutic tolerance of anisomycin in vivo,**
the structure—activity relationships of anisomycin have been
investigated to improve potency and selectivity. Notably,
modification of the aromatic 4-position was shown to preserve
antitrypanosomal activity with potential to mitigate host
toxicity."* In the cocrystal structure of anisomycin bound to
the 50S ribosomal subunit of H. marismortui,>’ the 4-position of
the aromatic ring points toward a hydrophobic crevice in the
active site.*”

Antiprotozoal properties are exhibited by many natural
peptides possessing lipophilic acetylene appendages.’”**
Notably, almiramide B (10, Figure 2) exhibits antitrypanoso-
miasis activity and probable selectivity due to a mechanism of
action entailing inactivation of the parasite glycosome, which is
an organelle without parallel in mammalian cells.”>** Almir-
amide potency has been attributed in part to the alkyne

https://doi.org/10.1021/acs.jmedchem.5c01291
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Scheme 1. Synthesis of MeVal'- and MePhe’-Almiramide—anisomycin Conjugates 18 and 19
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moiety.*>*’ Moreover, structure—activity relationship inves-
tigations have provided antllelshmamal analogues with eﬁicacy
against resistant strains.” ° For example, MeVal' and MePhe’
almiramide 6-aminohexamide derivatives 11 and 12 exhibited
notable potency against Leishmania infantum wild type and
resistant strains.*’

Exploring the potential to target both the ribosome and the
glycosome, two anisomycin—almiramide conjugates were
synthesized and examined for activity against L. infantum wild
type and resistant strains. In a reductionist approach,
considering the presence of alkynyl lipid tails in antimicrobial
peptides,””** as well as the importance of the acetylene for the
antiparasitic activity of almiramide B (10),">*’ different alkynes
were grafted onto the p-position of the aromatic ring of
anisomycin (7). Saturated analogues and a polyethylene glycol
counterpart were prepared for comparison to study the
importance of hydrophobicity and the triple bond for activity.
A series of acetylene analogs of anisomycin were identified
possessing nanomolar antiparasitic activity against Leishmania,
T. brucei, and T. cruzi species. Certain analogs exhibited
improved activity compared to anisomycin against drug-
resistant parasite strains. A potent O-propargyl analog was
shown to exhibit increased potency against amastigote forms of
Leishmania and to retain a similar ribosomal binding orientation
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as anisomycin in structural biology studies employing single-
particle cryogenic electron microscopy (cryo-EM) analysis
(SPA). In concert, genomic analysis validated that the acetylene
appendage broadened the mode of action and enabled the
targeting of glycosomal proteins. Expanded activity has been
achieved by the structure—activity study on anisomycin,
indicating a way toward novel therapy for treating trypanoso-
matid NTDs.

B RESULTS

Synthesis of Anisomycin Analogs. Two strategies were
pursued to develop dual-targeting agents featuring modification
of the aromatic 4-position of anisomycin either by conjugation
of the entire almiramide structure via a linker or by attachment
of just the alkynyl lipid tail of the peptide. In the first approach,
almiramide—anisomycin conjugates 18 and 19 were made using
1,6-hexanediamine as a linker to attach the peptide C-terminal
carboxylate to a carboxymethyl ether of the phenol of
pyrrolidine antibiotic 7. In studies of the mechanism of
almiramide action, related a,@w-diamine linkers were used to
conjugate the peptide C-terminal carboxylate and biotin in
photoaffinity probes that demonstrated binding affinity to the
glycosomal membrane proteins GIMSA and PEXI1 of T.
brucei.”> Considering that MeVal' and MePhe® almiramide 6-

https://doi.org/10.1021/acs.jmedchem.5c01291
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Table 1. Structure, Bioactivity (ECs,), and Cytotoxicity (CCs,) of Anisomycin and O-Substituted Analogues on Different Strains
of Leishmania Promastigotes at 25 °C and Tracking Parasite Replication after 72 h
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(0.498-0.673) (0.438—0.565)
1.154 0.673
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0.55 + 0.16
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1.20 + 0.20
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SI
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0.7
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“Leishmania infantum (MHOM/MA/67/ITMAP-263) wild-type strain. bLeishmania major Friedlin; Leishmania infantum (MHOM/MA/67/
ITMAP-263). “Resistant to 2 mM trivalent (and pentavalent) antimonials. “200 M miltefosine. °1 4M amphotericin B. Selectivity index (SI) =
CCyo/ECgy LiWT.

aminohexamides 11 and 12, as well as p-carboxymethyl

anisomycin 9, all exhibited antileishmanial activity,

44,46

conjugation of the two components was examined in an
expedient design to test the first strategy.

4-Carboxymethyl N-(Boc)anisomycin 15 was prepared in
90% overall yield from N-Boc-desmethylanisomycin (13) and
benzyl bromoacetate in two steps featuring Williamson ether
synthesis using cesium carbonate and hydrogenolysis of O-
benzyl ester 14 using catalytic Pd/C under 1 atm of H, (Scheme
1). Amiramide—anisomycin conjugates 18 and 19 were,
respectively, synthesized by routes entailing the coupling of 4-
carboxymethyl N-(Boc)anisomycin 15 to almiramide hexyl
amines 10 and 11 using N,N'-dicyclohexylcarbodiimide (DCC)
and 1-hydroxybenzotriazole (HOBt) in dichloromethane,
purification of the resulting conjugates 16 and 17 by C18
reverse-phase HPLC, and removal of the Boc protection using
HCl gas bubbles in CH,Cl, [ Supporting Informmation (Table

S4)].

In the second strategy, the terminal acetylene motif was
considered sufficient to disrupt the glycosomal function. O-
Alkynyl anisomycin analogues 20—24 were prepared by way of
alkylation of phenol 13 using Cs,CO; in DMF at 65 °C with
propargyl bromide and primary p-toluenesulfonates of five to
eight carbon chain lengths (Scheme 2). Based on the
submicromolar antileishmanial activity of O-iso-propyl aniso-
mycin (8, Figure 2),"* O-1-methylpentyne counterpart 25 was
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prepared using branched hex-5-yn-2-yl-toluenesulfonate under
similar conditions. For comparisons, O-n-alkyl anisomycins 26—
28 were prepared using the same protocol with n-propyl and n-
pentyl toluenesulfonates and octyl iodide to examine the
importance of lipophilic tails of 3-, 5-, and 8-carbons, and O-2-
(2-ethoxyethoxy)ethyl anisomycin 29 was prepared as a more
polar 8-atom chain by employing the corresponding toluenesul-
fonate. After phenol alkylation, the Boc group was removed
using a slow stream of HCI gas bubbles in CH,CI,, because
vigorous bubbling led to the formation of demethylanisomycin
hydrochloride and desacetyl product, which required removal by
HPLC, compromising the product yield. After deprotection,
ethers 20—29 were isolated as hydrochloride salts (Table S4).

Anti-Parasitic Activity. Antileishmanial activity (ECj,
values) was assessed by incubation of increasing concentrations
of anisomysin—almiramide conjugates and p-substituted
anisomycin analogues with Leishmania spp. promastigotes at
25 °C and tracking parasite replication after 72 h (Table 1).**
Cytotoxicity was evaluated using bone-marrow-derived macro-

phages (BMDM).

Against Leishmania (L.) infantum wild type and strains
resistant to antimony (SbIII), amphotericin B (AmB), and
miltefosine (MF) (Sb2000.1, AmB1000.1, and MF200.5),
MeVal' and MePhe’ almiramide derivatives 11 and 12 were
previously shown to exhibit EC, values ranging between 5 and
39 uM.*® Anisomycin (7) was first shown to inhibit translation

https://doi.org/10.1021/acs.jmedchem.5c01291
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Table 2. Activity (ECs,) and Cytotoxicity (CCs,) of p-Substituted Anisomycin Analogues 20—29 against T. brucei Promastigotes

and T. cruzi Epimastigotes

R’O\©\

No. R T. brucei® ECsy (M)
pentamidine 1.58 +0.033
7 —CH,4 0.090 + 0.007
20 —-CH,C=CH 0.613 + 0.053
21 —(CH,),C=CH 0.154 + 0.021
2 —(CH,),C=CH 021 + 0.01
23 —(CH,);C=CH 0.38 + 0.001
24 —(CH,),C=CH 0.37 + 0.05
25 —CCH,H(CH,),C=CH 0.38 + 0.07
26 —CH,CH,CH, 0.18 + 0.02
27 —(CH,);CH,CH, 0.39 + 0.06
28 —(CH,),CH,CH,4 278 + 0244
29 —(CH,CH,0),CH,CH, 1.92 + 0.53

“Trypanosoma brucei. bTrypnosoma cruzi; SI = CCyo/ECsp.

CH
g

S

N

H-HCl
T. cruzi® ECsy (uM) CCs (uM) (BMDM) SI¢ SI®
3.25 + 1.205 13.61 + 1.33 8.6 42
0.321 + 0.09 0.38 +£0.19 4.2 1.2
1.507 + 0.25 0.55 + 0.16 0.9 0.4
0.207 + 0.094 0.36 + 0.07 2.3 1.7
0.39 + 0.026 0.51 + 0.5 24 13
0.92 + 0.07 132 +0.19 35 1.4
0.97 + 0.07 12402 32 12
L11 +02 0.61 + 0.05 1.6 0.5
0.46 + 0.04 0.29 + 0.06 1.6 0.6
0.97 £ 0.2 1.0+ 0.1 2.5 1.0
4.93 + 0.682 22.85 + 5.98 82 4.6
5.8 + 3.00 0.94 + 0.05 0.5 0.2

in Leishmania tarentolae (ECgo = 0.55 + 0.16 uM).** In studies
of antipromastigote activity, anisomycin (7) exhibited anti-
leishmanial activity with EC, values in the submicromolar range
against L. infantum and resistant strains.** In contrast, no activity
was exhibited by conjugates 18 and 19 composed, respectively,
of anisomycin (7) and almiramides 11 and 12.

Conversely, p-substituted anisomycin analogs exhibited
significant antileishmanial activity contingent on the p-
substituent (Table 1). O-Propargyl ether 20 exhibited,
respectively, comparable nanomolar activity as anisomycin
against L. infantum wild type (LiWT) and Leishmania major
(LmF). Although submicromolar potency was typically retained,
the activity of the linear acetylene analogs decreased
progressively with the increasing chain length. Moreover, the
branched analogue 25 exhibited 8-fold less activity against LIWT
relative to anisomycin. The importance of the terminal alkyne
was reflected in the lower potency upon replacing acetylene tails
with saturated counterparts 26—28. For example, O-n-propyl
anisomycin 26 was, respectively, 7- and 23-fold less potent
against LiIWT and LmF compared to O-propargyl anisomycin
20. Similarly, O-pentyl and O-octyl ethers 27 and 28 were,
respectively, 12- and 30-fold less potent against LiIWT compared
to similar carbon chain-length acetylene counterparts 21 and 24.
The crucial role of hydrophobicity for ribosomal targeting was
respectively illustrated by the 7- and 2-fold lower potency of O-
di(ethylene glycol)ethyl ether 29 compared to O-oct-7-ynyl and
O-octyl ethers 24 and 28.°"**

The acetylene modification typically improved potency
against drug-resistant strains LiMF200.5, LiSB2000.1, and
LiAmB1000.1, which are resistant to MF, Sb, and AmB,
respectively. For example, O-propargyl ether 20 exhibited
between 2.4, 3.0, and 2.1-fold greater potency than anisomycin
(7) against the Sb-, MF-, and AmB-resistant strains. Moreover,
the presence of the acetylene in analogs 20, 21, and 24 gave
between 0.8- to 19.6-fold greater potency than the respective O-
n-propyl, O-pentyl, and O-octyl ethers 26—28 against the drug-
resistant strains.

The antitrypanosomal activity of anisomycin analogues 20—
29 was further evaluated against T. brucei promastigotes and T.

cruzi epimastigotes using pentamidine (4) as the positive control
(Table 2). The epimastigote form of T. cruzi is considered an
obligate mammalian intracellular stage,”””" which is commonly
used to screen for potential antichagasic agents with a criterion
of identifying high potency around 10 yM, and low toxicity with
an SI that is 50 times higher than that of the reference drug.>
Conjugates 18 and 19 were not tested against T. brucei and T.
cruzi, due to the absence of activity of the parent almiramide
peptides 11 and 12.*

Anisomycin (7) exhibited, respectively, 90 nM and 321 nM
ECs, values against T. brucei and T. cruzi. Among the O-
substituted anisomycin analogs, O-pent-4-yne ether 21 retained
comparably robust activity, exhibiting respectively 1.7-fold
lower and 1.5-fold higher potencies as anisomycin against T.
brucei and T. cruzi. Moreover, O-hex-5-yne ether 22 maintained
similar activity as anisomycin against T. cruzi. Despite the
favorable activity of the 5- and 6-carbon alkynyl ethers 21 and 22
against T. cruzi, and comparable macrophage toxicity as
anisomycin, the low selectivity indexes of 1.7 and 1.3 did not
merit further study in the amastigote form. Per observations of
activity against Leishmania, antitrypanosomal potency decreased
with increasing chain length; however, O-propargyl ether 20,
which exhibited the best activities against LiWT and LmF had,
respectively, 4- and 7-fold lower activity than O-pent-4-yne ether
21 against T. brucei and T. cruzi. Furthermore, propyl ether 26
was 1.4- and 2-fold less active than anisomycin against T. brucei
and T. cruzi. In O-n-alkyl ethers of longer chain lengths, the
importance of acetylene for activity was demonstrated.
Compared to acetylene counterparts 21 and 24, O-n-pentyl
and O-n-octyl analogues 27 and 28 displayed, respectively, 2.5-
and 7.5-fold lower activity against T. brucei and were both 5-fold
less active against T. cruzi. Moreover, O-di(ethylene glycol)ethyl
ether 29 was S- and 6-fold less potent than its O-oct-7-ynyl
counterpart 24.

Effect of O-Propargyl Ether 20 on Leishmania
Amastigotes. The high activity of O-propargyl ether 20
against Leishmania promastigotes evoked a study of the efficacy
against the amastigote intracellular form of the parasite (Figure
3). Compared to the activity against that promastigote form, O-
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Figure 3. Effect of O-propargyl ether 20 on BMDM macrophages
infected with L. infantum wild type (WT) and L. major.

propargyl ether 20 showed 6- and 8-fold increases in potency
against the amastigote forms of L. infantum and L. major with
respective ECy values of 31.22 nM (95% CI 25.44—36.28) and
12.08 nM (95% CI 7.64—18.57). O-Propargyl ether 20

maintained its potency against both parasite stages, indicating
therapeutic potential.

Cryo-EM Analysis of Leishmania Ribosomes Bound to
O-Propargyl Ether 20. Previously, the cocrystal structure of
anisomycin bound to the 50S ribosomal subunit of H.
marismortui demonstrated that the pyrrolidine nitrogen forms
hydrogen bonds with the N3 of cytosine 2487 (H. marismortui
numbering). The latter base also stacks against the aromatic ring
of the p-methoxyphenyl group of anisomycin.” Furthermore,
the anisomycin hydroxyl group interacted with the nonbridging
oxygen of Uracil 2539 (H. marismortui numbering) nucleotide
phosphate.*”

Structural analysis using SPA was performed to elucidate the
mechanism by which O-propargyl ether 20 inhibits translation in
Leishmania. A 2.5 A resolution cryo-EM structure was obtained
for the complex between intact cytosolic L. major 80S
ribosomes, mRNA, tRNA, and O-propargyl ether 20. A well-
defined density was observed for O-propargyl ether 20 near the
peptidyl transferase center (PTC, Figure 4A, Video S1). The

A
PTC
~
{
@ T
s 2
o~ A
N //
3
b
N A
(Sl ) \/;’
AN ) A\ ) / )
hed /-/~ . ), SR> ’
AU e T
S "< =2

P-site tRNA

U1313

A

1800

A76 (P-tRNA)

U1392
me

m°c1308

~

e
N\ A-site tRNA
S\
u1307 \

N (S ue
b ¢%§§> 2

U131 )

/
~

P-site tRNA

4
U1392

)

Figure 4. Part of the cryo-EM structure of L. major 80S ribosome to which O-propargyl ether 20 is bound. (A) Location of ether 20 in L. major 80S
PTC. The E- and P-site tRNA are shown as space-filling colored in yellow and green, respectively. An inset showing the EM density of ether 20 is
presented as a meshed surface. (B) Ether 20 interaction with the rRNA nucleotides, created using LigPlot+. Hydrogen bonds, ion coordination, and
hydrophobic interactions are, respectively, shown with dotted purple lines, dotted green lines, and red crescents. The rRNA nucleotides making
hydrogen bonds with ether 20 and coordinating the K* ion are shown using their complete chemical structure diagrams. Nucleotides exhibiting
hydrophobic interactions are depicted as labeled red crescents. (C) Graphical images showing two perspectives of the three-dimensional binding
pocket into which ether 20 (pink) interacts with proximal rRNA nucleotides (light blue) within P-site tRNA (green ribbon), neighboring A-site tRNA
(blue ribbon). L. major A-site tRNA (blue ribbon) was superimposed from PDB: 8RXH. The hydrogen bond between ether 20 and rRNA nucleotide,

and coordination of K* ion (green ball) are shown as dotted lines.
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high resolution of the cryo-EM map enabled us to model the
LMB80S-20 complex structure, featuring the entire L. major
rRNA, proteins (rRNA and rProteins), and O-propargyl ether
20.

Comparison of the LM80S-20 structure with our previously
published vacant L. major 80S ribosome (LM80S, PDB: 80V])
and the postdecoding pretranslocation state (PDB: 8RXH)
indicated similar overall architecture.” Superimposition of the
LM80S-20 structure with the human 80S ribosomes bound to
anisomycin (7, PDB: 8GLP) revealed a highly conserved
binding pocket (Figure S1A). Minor structural differences were
observed for U1392 [¥4531 in Human, Figure S1B (left panel)]
and U1260 [U4399 in Human, Figure S1B (right panel)].

The high-resolution cryo-EM map enabled the identification
of potential interactions between O-propargyl ether 20 and
surrounding rRNA nucleotides. A stacking interaction was
observed between the aromatic ring of the p-alkoxyphenyl group
of ether 20 and cytosine-1259 (C2487 in H. marismortui or
C2452 in E. coli), as previously observed for the p-
methoxyphenyl moiety of anisomycin (7) bound in the crystal
structure to H. marismortui 50S ribosome (Figure 4B,C).*” The
rRNA nucleotides in close contact with O-propargyl ether 20 are
presented in Figure 4B. The high resolution of the EM map
enabled detection of a potential coordination between the
hydroxyl group of ether 20 (O1) and a neighboring potassium
ion (Figure 4B,C). A similar coordination of a potassium ion was
also observed in the human 80S complex with anisomycin (7)
(PDB: 8GLP). Ion coordination by the hydroxyl group may
stabilize ribosomal affinity.”*>>

Thermal-Proteome Profiling (TPP) of Proteins Tar-
geted by Anisomycin (7) and O-propargyl Ether 20
Indicates a Mechanism of Action Broadening from
Ribosomal to Include Glycosomal Pathways. TPP is an
established, unbiased approach in which ligand-induced shifts in
protein melting behavior are quantified by mass spectrometry to
reveal direct and stoichiometric drug—protein interactions.*®
Using TPP on L. infantum wild-type (LiWT) promastigotes,
2768 and 2503 proteins were respectively quantified after
treatment with anisomycin (7) and with O-propargyl ether 20.
Thermal-stability shifts IAT,| > 4 °C were, respectively, shown
in 253 and 423 proteins from the latter sets (Figure SA; Tables
S1 and S2). Both anisomycin (7) and ether 20 gave similar
signatures on ribosomal proteins (Figure 5B). Large positive
AT, values were recorded for ubiquitin-60S L40 and more than
20 small- and large-subunit proteins, including S16, S6, L3, L7a,
and L18, indicating direct engagement of the translation
apparatus. This pattern was consistent with the canonical
mechanism of anisomycin, which binds the peptidyl-transferase
center of the 60S subunit and blocks peptide-bond formation.
The indistinguishable ribosomal footprint of ether 20 indicated
an analogous primary mode of binding.

O-Propargyl ether 20 was found to be directly bound or to
allosterically modulate certain enzymes involved in glycolysis
and glycosomal metabolism, such as glyceraldehyde-3-phos-
phate dehydrogenase (A4IDK9), and glucose-6-phosphate
isomerase (E9AGEL), as well as to stabilize purine metabolism
enzymes, such as hypoxanthine phosphoribosyltransferase
(E9AGUES6). The thermal shifts suggested that, in addition to
translation, ether 20 influenced metabolic processes linked to
energy production and redox balance by engaging glycosomal
proteins implicated in the first steps of glycolysis and key
branches of central carbon metabolism within Leishmania.
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Figure S. Proteome-wide targets of anisomycin (7) and O-propargyl
ether 20 in Leishmania infantum promastigotes were identified by TPP.
Proteins exhibiting a thermal-stability shift of >4 °C (IAT,|) after drug
exposure were considered engaged targets. (A) Venn diagram
summarizing the number of proteins in which anisomycin (gray) and
ether 20 (cyan) significantly altered melting behavior; the overlap
denotes proteins affected by both compounds. (B) Gene-ontology
(GO) enrichment of the drug-responsive proteins is depicted as a
bubble plot. The bubble area is proportional to the number of proteins
annotated to a given GO biological-process term. Color encodes
statistical significance [false-discovery rate in log scale, —log,,(FDR)]:
purple and yellow indicate the most and least significant enrichments,
respectively.

The premise that ether 20 exhibited a broader mode of action
was reinforced by GO over-representation analysis. Proteins
destabilized or stabilized by both compounds were enriched for
processes such as “translation”, “ribosome biogenesis”, and
“tRNA amino-acylation”. The cohort specifically influenced by
ether 20 was enriched in proteins for “glycolytic process”,
“pyruvate metabolic process”, and “carbohydrate catabolic
process”. Anisomycin and ether 20 share the ribosome as a
principal molecular target (Figure 6A), but the propargyl
modification introduced a second pharmacological node inside
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Figure 6. GO landscape of drug-responsive proteins in Leishmania infantum identified by TPP. Promastigotes were exposed to anisomycin (7) or O-
propargyl ether 20, and proteins showing a thermal stability shift of >4 °C were identified as candidate drug interactors. Bubble plots depict GO
enrichment based on these candidates. (A) Terms enriched in the protein subset shared by both compounds. (B) Terms enriched in proteins uniquely
affected by either anisomycin (7) or ether 20. For each GO term, the bubble area scale corresponds with the number of annotated proteins; bubble
color denotes enrichment significance [FDR in log scale, —log;,(FDR)]: purple and yellow indicate the most and least significant enrichments,

respectively.

the glycosome (Figure 6B), which may disrupt metabolic fluxes
essential for parasite viability.

B DISCUSSION AND CONCLUSIONS

In the treatment of trypanosomatid infection, resistance has
diminished the efficacy of contemporary therapies, which
typically target a single point of intervention.”” Although
combination therapy has shown some promise,57 single
chemical entities targeting multiple points of intervention may
evade resistance and offer advantages for minimizing drug—drug
interactions and improving compliance.””*" In this context, the
ribosome and glycosome are both vital for the parasite lifecycle.
Previously, replacement of the methyl ether of the ribosomal
inhibitor anisomycin (7) in O-isopropyl counterpart 8 improved

20271

selectivity for inhibiting translation in Leishmania vs rabbit
reticulocytes.** Disruption of the vital energy machinery
proteins of the glycosome was implicated in the mechanism of
action of almiramide peptides by studies employing various
linkers attached at the C-terminal in different probes, some
retaining activity.” Structure—activity relationship studies have
previously shown the relevance of the acetylene in the lipid tail
for the activity of almiramide B (10)," as well as retained
potency in peptides 11 and 12 in which certain N-methyl groups
were removed from the amide backbone and a 6-amino
hexanamide was added to the C-terminal.*® Anisomycin-
almiramide conjugates 18 and 19 exhibited potency poorer
than that of the parent components. Previously, conjugates from
anisomycin and sparsomycin exhibited lower antimicrobial
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activity but enhanced inhibitory activity against translation in
rabbit reticulocytes relative to the parent components.”® These
examples reveal the challenges in conjugate design, which is
contingent on various variables including linker composition
and the points of attachment of the parent components, and
argue for structural simplification.”

The acetylene moiety is present in the lipid tails of various
antimicrobial peptides such as almiramide B. In a reductionist
approach, alkyne analogs were prepared and, in some instances,
exhibited similar antitrypanosomatid activity as anisomycin (7).
Versus Leishmania, O-propargyl ether 20 exhibited comparable
activity as anisomycin (7) against L. infantum and L. major, as
well as superior activity in resistant L. infantum strains.
Moreover, O-pentynyl ether 21 maintained activity in L. major
and LiMF-resistant strains but was less active in LiSB-resistant
strains. Although potency and selectivity declined in the longer
chain alkynes 22—25, the triple bond analogs typically
manifested about 4—8-fold better activity than saturated
counterparts 26—28 and were superior to relatively hydrophilic
O-di(ethylene glycol)ethyl ether 29, which exhibited the poorest
activity.

O-pentynyl ether 21 exhibited equivalent activity as
anisomycin versus T. brucei and T. cruzi. Moreover, O-hexynyl
ether 22, O-heptynyl ether 23, and branched alkyne 25 showed
moderate activity in T. brucei and slightly lower activity in T.
cruzi. Although the low activity of O-propargyl and propyl ethers
20 and 26 in the trypanosomal assay is puzzling, the alkyne and
lipophilicity remain essential for activity.

Acetylene groups have been widely utilized in medicinal
chemistry, including prominent examples in clinically used
anticancer and contraceptive agents.”” The alkyne can serve as a
7 cloud, and the polarized terminal CH may act as a weak
hydrogen-bond donor. On the other hand, acetylene is
potentially reactive toward oxidation by cytochrome P450
enzymes and attack from glutathione.®” Structural analyses of O-
propargyl ether 20 and anisomycin (7) in ribosomal complexes
using cryo-EM indicated that the acetylene did not influence the
binding motif to the conserved peptidyl transferase pocket
(Figure 4). The enhanced potency of the acetylene analogs of
anisomycin is likely due to a broader mode of action, as indicated
by thermal proteomic profiling experiments.

O-Propargyl ether 20 demonstrated 2- to 3-fold greater
potency against antimony-, miltefosine-, and amphotericin-
resistant Li-strains. To evade drug action, resistant Leishmania
strains utilize various mechanisms that typically reduce the
active drug concentration within the parasite.”’ For example,
antimony-resistant Leishmania strains overexpress tryparedoxin
peroxidase to mitigate stress due to reactive oxygen and nitrogen
species induced by antimonial drugs.62 Moreover, the expression
patterns of enzymes involved in glycolysis and energy
metabolism in the glycosome, such as glucose-6-phosphate
isomerase and glyceraldehyde-3-phosphate dehydrogenase, are
often altered in antimony-resistant parasites.’’ Apoptotic
pathways induced by miltefosine and amphotericin have also
been inactivated by expression of multiple heat shock protein 70
(HSP70) isoforms in resistant Leishmania strains.”> Over-
expression of protein HSP83 correlated with reduced
susceptibility to Sb(V) in resistant strains by maintaining
mitochondrial potential.**

The thermal proteomic profiling correlates the superior
activity of propargyl ether 20 against resistant strains compared
to anisomycin (7) with the engagement of a broader group of
protein targets, specifically those implicated in glycosomal

activity. For example, glyceraldehyde-3-phosphate dehydrogen-
ase (A415X6), as well as heat shock proteins 70 and 83, were
selectively targeted by propargyl ether 20. Furthermore, ether 20
interacted with the DEAD-box RNA helicase, a regulator of
parasite survival that suppresses apoptosis-like programmed cell
death (Table $2).° GO and pathway enrichment analyses
indicate that glycolytic and catabolic processes are influenced
explicitly by ether 20.

The promastigotes of Leishmania are in the insect stage, which
is the form that develops and multiplies within the sandfly
vector. Genetic variants of the promastigotes are easier to
cultivate and screen to study structure—activity relationships;
however, the amastigotes are the intracellular, nonmotile form
found in human macrophages, and the clinically relevant stage
for validating mammalian antiparasitic activity.”® The effect of
O-propargyl ether 20 was further evaluated against intracellular
L. infantum and L. major amastigotes.”” Dose response studies
revealed that O-propargyl ether 20 exerted 6- and 8-fold
increased activity against the amastigotes. Such potency
indicated potential to penetrate the host cell and overcome
protective mechanisms such as é)hagolysosomal activity, lower
pH, and oxidative degradation.’®’

The addition of acetylenic ethers to the ribosomal inhibitor
anisomycin (7) has provided analogs possessing improved
activity against trypanosomatid parasites, especially resistant
Leishmania strains. Examining the ribosomal complex with
potent O-propargyl ether 20 by using cryo-EM techniques
indicated that the aromatic ring modification had no
consequence on the binding motif of the substituted pyrrolidine
structure. On the other hand, TPP revealed that the acetylene
appendage expanded the mode of action of the parent natural
product. Novel interactions were identified, accounting for the
improved activity against resistant parasites known to modify the
expression of glycosomal proteins in response to contemporary
therapy. Further studies of this approach, including validation of
lead potential in vivo, are being performed and will be reported in
due time. Toward addressing the need for therapy to treat NTDs
caused by trypanosomatid parasites, the present strategy to
create multiple targeting ligands based on anisomycin has
identified promising agents for targeting Leishmania, T. brucei,
and T. cruzi.

B EXPERIMENTAL SECTION

Materials and Methods. Chemistry. Solvents. Passage through
filtration systems (GlassContour Irvine, CA) was employed to dry
reaction solvents: dichloromethane (DCM), acetonitrile, and dime-
thylformamide (DMF). Hexanes (Fischer, ACS grade) were fraction-
ally distilled. Ethyl acetate, diethyl ether (Fisher, BHT stabilized, ACS
grade), and methanol (Fisher, ACS grade) were used as received.

Reagents. p-Toluene sulfonic acid (PTSA) was recrystallized from
EtOH and water. Boron tribromide (Sigma-Aldrich), di-fert-butyl-
dicarbonate (Boc,0, Oakwood Chemicals), triethyl amine (Oakwood
Chemicals), 4-dimethylamino pyridine (DMAP, Aldrich), N,N'-
dicyclohexylcarbodiimide (DCC, Aldrich), hydroxybenzotriazole
(HOBt, Aldrich), 4-pentyn-1-ol (Aldrich), S-hexyn-1-ol (Oakwood
Chemical), 7-octyn-1-ol (Aldrich), propyl alcohol, and pen?l alcohol
were used as received. Hept-6-yn-1-0L,®® hex-5-yn-2-0l,°" benzyl
bromoacetate”® were prepared according to the literature protocols.
Propargyl bromide and octyl iodide were passed through a pad of silica
gel (Silicycle SiliaFlashP60, 40—63 um particle size, 230—400 mesh)
immediately prior to use. Cesium carbonate (Cs,CO;) was flame-dried
in a round-bottom flask under vacuum using a Bunsen burner prior to
use.

Chromatography. Analytical thin-layer chromatography (TLC)
was performed on Merck silica gel 60G F254 plates, which were
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visualized by exposure to ultraviolet (UV) light (254 nm), ninhydrin
ethanol solution, aqueous KMnO,, and ceric ammonium molybdate.
Retention factor (Rf) values were measured after elution on a 6 X 4 cm
TLC plate in a developing chamber containing the described solvent
system. Flash column chromatography was performed on silica gel
(Silicycle SiliaFlashP60, 40—63 um particle size, 230—400 mesh).”"
High-performance liquid column chromatography (HPLC) was
performed on a Waters C18 column (SunFire, particle size, 10 ym,
150 mm X 10 mm) with detection at 214 nm using a linear gradient of
0—10% over 10 min, 10—90% over 20 min, followed by 10% (v/v) of
MeOH [0.1% formic acid (FA)] in water (0.1% FA) with a flow rate of
4.2 mL min~" (Table S5). Unless otherwise specified, “silica gel” refers
to P60 grade.

pH Measurements. pH was determined using MQuant pH-indicator
strips (nonbleeding, pH 0.0 to 14.0).

NMR spectroscopy: 'H and *C{'H} NMR spectra were recorded at
2982 K on a Bruker AVANCE NEO 400 MHz (400 MHz, 'H; 100
MHz, BC{'H})spectrometer and are referenced to residual chloro-
form-d (67.26 ppm, 'H; 77.16 ppm, *C{'H}), methanol-d, (3.31 ppm,
'H; 49.00 ppm, *C{'H}), and water-d, (§ 4.79 ppm, 'H). Chemical
shifts (6) are reported in parts per million (ppm), and coupling
constant values (J) are reported in Hertz (Hz). Abbreviations—s,
singlet; d, doublet; t, triplet; q, quartet; quint, quintet; sext, sextet; br,
broad; m, multiplet.

Mass Spectrometry. Liquid chromatography—mass spectrometry
(LC—MS) was performed using an Agilent series symmetry C18
column (3.5 pm 4.6 X 75 mm) maintained between 27 and 30 °C and
118.7 and 141.5 bar using a flow rate of 0.7 mL min™" or 0.8 mL min™".
An ES-APT ionization source with both positive and negative ionization
polarity and 5.0 V ionization energy were employed as MSD
parameters. Data are reported in the form of m/z (intensity relative
to the base peak = 100). The mobile phase consisted of (A) H,0O
containing 0.1% FA in (B) either MeOH containing 0.1% FA or MeCN
containing 0.1% FA. The gradient elution started with 10% of phase B
for 2 min was gradually increased over 10 min to B = 90% and held at
90% for 1 min. The column was then equilibrated with the initial
conditions at 10% B for 3 min (14 min per run in total). The purity was
determined with MeOH and MeCN at wavelengths of either 214 or 220
nm employing a UV/visible diode array detector. Except for compound
18 (91% in MeCN), the compounds exhibited >95% purity in both
solvent systems (Table S4).

Biology. Ethical Statement. Experimental protocols were approved
by the Facility Animal Care Committee, Research Institute MUHC
(protocol number 7791). The Canadian Council on Animal Care
guidelines and regulations were followed for all mice used in the
experiments, including handling and housing under specific pathogen-
free conditions.

Leishmania Cultures. Multiple Leishmania lines were used,
including the L. infantum (MHOM/MA/67/ITTMAP-263) and L.
major (LV39 WT) wild-type strains and three drug-resistant mutants
(LiSb2000.1, LiAmB1000.1, and LiMF200.5), which were generated
through stepwise selection with potassium antimonyl tartrate (Sb),
amphotericin B (AmB), and miltefosine (MF).”>~"> All Leishmania
lines were continuously cultured in M199 medium supplemented with
10% fetal bovine serum, S yg/mL hemin, adjusted to pH 7.0, at 25 °C.
Drug resistance was maintained by supplementing the medium with the
corresponding ECs, concentrations for each mutant: 2 mM Sb (Sigma-
Aldrich no. 383376) for LiSb2000.1, 1 uM AmB (Sigma no. A2942) for
LiAmB1000.1, and 200 pM MF (Cayman Chem no. 63280) for
LiMF200.5.

Anti-Leishmanial Activity Assay. Antileishmanial activity was
evaluated in Leishmania promastigotes by monitoring parasite
proliferation over 72 h of incubation at 25 °C. In the presence of
increasing concentrations of the tested compound, parasite growth was
quantified by measuring absorbance at 600 nm (A600) on a Cytation S
plate reader (BioTek-Agilent, Santa Clara, CA, USA). The ECy,
values—defined as the concentration required to reduce parasite
growth by 50%—were calculated from dose—response curves using
nonlinear regression and the GraphPad Prism 10.0 program (GraphPad
Software, La Jolla, CA, USA). Each assay was performed in triplicate

with three independent biological replicates conducted for each
compound.

Evaluation of Drug Susceptibility in Leishmania-Infected Macro-
phages. As previously described to determine effective concentration
(ECs,) values,** bone-marrow-derived macrophages (BMDMs, 2.5 X
10°) were seeded in 12-well chamber slides containing complete
DMEM medium. Stationary-phase L. infantum promastigotes were
added at a 1:5 macrophage-to-parasite ratio for infection. The infected
cells were incubated for 4 h at 37 °C in an environment containing 5%
CO, without an additional drug. After 24 h, increasing concentrations
of propargyl ether 20 (0, 5, 25, 50, 100, and 300 nM) were introduced
to the infected macrophages. After 48 h, the infected cultures were
subjected to methanol fixation and stained with Diff-Quick for parasite
visualization. The number of intracellular amastigotes per 100 cells was
quantified by examining 300 macrophages per triplicate assay and
normalized to the untreated control. The median ECs, values were
calculated from dose—response curves that were analyzed by nonlinear
regression using GraphPad Prism 10.0. The data presented herein
reflect the mean of three independent biological replicates.

Primary Bone-Marrow-Derived Macrophage (BMDM). Cells were
collected from the tibia and femurs of 8—12 wk-old C57BL/6 female
mice (Charles River Laboratory) and cultured in full medium [DMEM
(Wisent) containing 10% heat-inactivated FBS, antibiotics, and 20% L
cell—conditioned medium (LCCM)] as a source of macrophage CSF.
After 4 days, the cells were supplemented with 10% LCCM. On day 7,
cells were harvested by gentle washing of the monolayer with PBS-
EDTA. After centrifugation, cells were counted and frozen in freezing
medium [50% FBS, 10% DMSO, and 40% full medium (DEMEM/
FBS/LCCM/PS)].

Cytotoxicity Assay in Mammalian Cell Lines. 1t was performed with
BMDM cells, which were seeded at § X 10* cells/well in 96-well plates
and preincubated in a 95% air-humidified atmosphere and 5% CO, for
24 hat 37 °C. After 24 h, the medium was replaced with 100 L of fresh
medium containing a 2-fold serial dilution concentration of the tested
compound at different concentrations (50—0.019 M) and kept in the
incubator for another 24 h. As a negative control, DMSO at 0.5% was
used (solvent control). After incubation, a new medium replacement
was performed with the addition of 100 yL of fresh medium containing
10% of Alamar blue (Invitrogen). The plates were incubated at 37 °C
under 5% CO2 and 95% humidity for 4 h. Absorbance was measured at
two wavelengths (570 and 600 nm) and analyzed according to the
manufacturer’s protocol. The cytotoxicity results were normalized by
vehicle (0.5% DMSO), and the CCg, was calculated based on dose—
response curves analyzed by nonlinear regression with GraphPad Prism
10.0 software. All experiments were performed in triplicate, and data are
represented as the mean of three samples with a standard deviation.

Anti-T. cruzi Activity. It was measured using the epimastigote forms
of T. cruzi strain Basileu, which were grown in LIT medium
supplemented with 10% fetal bovine serum and 10 yug/mL of hemein
at 25 °C with two passages per week. Anti-T. cruzi activity was measured
based on the replication of 1 X 10° epimastigote forms of T. cruzi strain
Basileu incubated at 25 °C in the presence of increasing concentrations
of the different compounds after 72 h. After the incubation, absorbance
was measured at 600 nm, and ECy, values were calculated based on the
dose—response curves analyzed by nonlinear regression with GraphPad
Prism 10.0 software (GraphPad Software, La Jolla, CA, USA). All
experiments were performed in triplicate, and data are represented as
the mean of three samples with standard deviation.

Anti-Trypanosoma brucei Activity. It was performed using the
procyclic form of T. brucei, which was grown in SDM medium
supplemented with 10% fetal bovine serum and $ yig/mL of hemein at
25 °C by two passages per week. Anti-T. brucei activity was measured
based on the replication of 1 X 10° procyclic forms of T. brucei
incubated at 25 °C in the presence of increasing concentrations of the
different compounds after 72 h. After the incubation, absorbance was
measured at 600 nm, and EC, values were calculated based on dose—
response curves analyzed by nonlinear regression with GraphPad Prism
10.0 software (GraphPad Software, La Jolla, CA, USA). All experiments
were performed in triplicate, and data are represented as the mean of
three samples with standard deviation.
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Purification of 80S Ribosomes for Cryo-EM. Mid log phase L major
strain Friedlin (LM14Cs1H3 sKO) cells™® (1.5—2 X 107 cells/ml, ~1 g
pellet) were washed three times in resuspension buffer (45 mM
HEPES-KOH pH 7.6, 100 mM KOAc, 10 mM Mg(OAc),, and 250
mM Sucrose) and then suspended in cold buffer-A (45 mM HEPES-
KOH pH 7.6, 100 mM K(OAc), 10 mM Mg(OAc)Z, 250 mM Sucrose,
S mM f-mercaptoethanol, and a 1:40 dilution of Rnasin U (Promega).
Cells were lysed using nitrogen cavitation (750 psi N,, 45 min, 4 °C).
Cell debris was removed by centrifugation (30 min at 9000 rpm) at 4
°C. The lysate was gently loaded onto a 1.1 M sucrose cushion in cold
buffer-B (20 mM HEPES-KOH pH 7.6, 150 mM KOAc, 10 mM
Mg(OAc),, 1.1 M sucrose, and S mM f-mercaptoethanol) and
centrifuged at 55,000 rpm at 4 °C for 15 h (Ti70 rotor, Beckman).
Upon centrifugation, the pellet was resuspended in cold buffer-C (20
mM HEPES-KOH pH 7.6, 150 mM KOAc, 10 mM Mg(OAc),, and §
mM f-mercaptoethanol) and loaded onto a 10—40% (w/v) sucrose
gradient in buffer-C for centrifugation (22,000 rpm, 11 h, on SW28
rotor, Beckman). The peak corresponding to 80S ribosomes was
collected, balanced with buffer-C, and centrifuged at 55,000 rpm for 12
h at 4 °C. The resulting pellet was suspended in buffer-D (20 mM
HEPES-KOH, pH 7.6, 100 mM KOAc, 10 mM Mg(OAc),, 10 mM
NH,OAc, and 1 mM DTT) and centrifuged for 90 min at 75,000 rpm
(TLA-100 rotor, Beckman). The final ribosome pellet was gently
resuspended in buffer-D, and aliquots were flash-frozen and stored at
—80 °C until further use. The identity of 80S was further confirmed by
mass-spectrometric analysis.

Ternary 80S Complex Formation with mRNA, tRNA, and Ether 20.
To reconstitute the classical- PRE-ribosome complex with mRNA and
tRNA molecules, vacant 80S ribosomes were sequentially mixed with
mRNA fragment coding for methionine (AUG) and phenylalanine
(UUC) codons (CACCAUGUUCAAA, Integrated DNA Technolo-
gies, Inc.), a P-site tRNAMet (E. coli, Sigma), and an A-site tRNAPhe (E.
coli, Sigma) at a 1:100:5:5 stoichiometric ratio.”> Subsequently, ether
20 (20 uM) was added. The complex assembly was performed at 37 °C
in buffer-D (20 mM HEPES-KOH, pH 7.6, 100 mM KOAc, 10 mM
Mg(OAc),, 10 mM NH,OAc, and 1 mM DTT) with a relaxation time
of 15 min after the addition of each component.

Cryo-EM Data Collection and Refinement. To prepare cryo-EM
grids, 3.5 L of ribosome suspension (~12A of A,)) was applied to
glow-discharged holey carbon grids (Quantifoil R2/2) coated with a
continuous thin carbon film. The grids were blotted and plunge-frozen
using Vitrobot Mark IV (Thermo Fischer Scientific). A Titan Krios
electron microscope (Thermo Fischer Scientific) operating at 300 kV
equipped with a K3 direct electron detector (Gatan Inc.) was used for
collecting cryo-EM micrographs at liquid nitrogen temperature at a
nominal magnification of 105,000, with a pixel size of 0.8245 A/pixel
and a dose rate of ~0.9269 electron/A?/frame. Defocus values ranged
from —0.5 to —1.5 pum. Relion 3.1 and Relion 5.0 were used for data
processing.76 Motion correction and contrast transfer function
parameters were estimated using Motioncor2”” and CTFFIND-3,”®
respectively. The extracted particles were subjected to several rounds of
unsupervised 3D classification using a low-pass filtered cryo-EM
density map. 3D classes similar to 80S particles were selected and
subjected to autorefinement in Relion 3.1 and Relion 5.0. Upon initial
refinement, particles were subjected to CTF refinement, Bayesian
polishing, and refinement. The resulting high-resolution 3D density
map was then subjected to a cycle of multibody refinement using
separate masks for the large subunit, as well as the head and body
regions of the small subunit (SSU).”” The gold standard Fourier shell
correlation value criterion of 0.143 was used for determining averaged
map resolutions, as implemented in Relion 3.1 and Relion 5.0.

Model Building and Refinement. rRNA and rProtein models were
built by template-guided model building in COOT.* The coordinates
of the L. major ribosome (PDB ID: 8RXH) were used as a template for
model building and were docked onto density maps using UCSF
ChimeraX.*' The Mg*, Zn*, Na*, and K* ion compositions were
modeled according to the recently described criteria.’*®* Model
refinement was performed using an iterative approach, including real-
space refinement and geometry regularization in COOT,* followed by
real-space refinement using the PHENIX suite.** The final model was

validated using MolProbity.** Ligand-rRNA interactions were calcu-
lated using LigPlot+.**

Thermal Proteome Profiling. For TPP analysis, L. infantum
promastigotes were prepared.56 Briefly, L. infantum wild-type (WT)
cultures were centrifuged, and the resulting pellet was washed with 1X
PBS (pH 7.4; Gibco, Life Technologies) before being resuspended in
lysis buffer containing 50 mM monobasic potassium phosphate, 50 mM
dibasic potassium phosphate, 0.5 M EDTA, 1 M DTT, 10 mM tosyl-L-
lysyl-chloromethane hydrochloride, 0.8% n-octyl-f-p-glucoside, and a
protease inhibitor cocktail (EDTA-free). After three freeze—thaw
cycles and centrifugation, the lysate was collected. Drug-induced
disruption and heat treatment were then performed on the lysate. The
lysate was divided into subsamples treated with 100 4M anisomycin
(7), 100 uM O-propargyl ether 20, or vehicle control (DMSO). For
each condition, 250 ug of lysate was divided into seven microcentrifuge
tubes, each incubated at a different temperature (37, 45, 50, 5S, 60, 65,
or 70 °C) for 3 min. Following incubation, the soluble protein fraction
was collected by centrifugation. Proteins were alkylated and
precipitated, and both the test samples and internal standards were
labeled using a light and heavy dimethyl labeling strategy, respectively,
for HPLC—MS/MS analysis. Data were analyzed using Thermo
Proteome Discoverer and SEQUEST, with protein abundance
normalized accordingly. Melting curves were subsequently generated
in GraphPad Prism 10.0 (GraphPad Software, La Jolla, CA, USA) to
determine the melting temperatures (T,,). The cutoff value for selecting
candidate proteins was set at AT, > 4 °C.

Gene-Ontology (GO) Enrichment and Multiple-Testing Correc-
tion. All proteins quantified in the TPP experiment (N = 2768 and N =
2503) were used as the background for GO enrichment analysis.
Proteins classified as “drug-responsive” (IAT,| > 4 °C) were analyzed
independently after separation into three groups: common, anisomy-
cin-specific, and ether 20-specificc. GO enrichment analysis was
performed using the STRING database (version 12.0). Protein
identifiers from each drug-responsive group were submitted to
STRING, which returned associated GO biological-process terms,
gene count, enrichment strength, and adjusted P-values (FDR).
Functional annotation was based on the TriTrypDB, and only GO
terms with both unadjusted P < 0.0S and Benjamini-adjusted P < 0.05
were retained.

GO enrichment results were visualized using R (version 4.3.2) with
the ggplot2 and ggpubr packages. For the full enrichment output, the 30
most significant GO biological-process terms were selected based on
their —logl0-transformed FDR values. Bubble plots were generated
with ggballoonplot, with bubble size proportional to the number of drug-
responsive proteins annotated to each term and color intensity
representing the statistical significance (—loglO-transformed FDR),
according to the scale shown in the figure legend.

Chemistry. tert-Butyl (2R,3S,4S)-3-acetoxy-4-hydroxy-2-(p-
hydroxybenzyl)pyrrolidine-1-carboxylate (13). N-(Boc)-Desmethy-
lanisomycin (13) was prepared by employing a modification of the
literature protocol.** A 25 mL round-bottomed flask containing a 10
mm X S mm polytetrafluoroethylene-coated magnetic stir bar was
flame-dried and cooled under argon from a 20-gauge needle fitted with
an inflated balloon. The flask was charged with anisomycin (7, 100 mg,
0.377 mmol, 100 mol %), flushed with argon, and treated with DCM
(6.28 mL). The homogeneous solution was cooled to —78 °C, treated
by a syringe (50 yL Hamilton glass syringe) over 10 min with a solution
of BBr; (142 mg, 0.565 mmol, 150 mol %), and stirred for S min. The
cooling bath was removed. Stirring was continued for 30 min when a
white turbid mixture was observed, and mass spectrometric analysis
showed the disappearance of the molecular ion corresponding to
methyl ether 7 and the appearance of an ion for the corresponding
phenol. After cooling in an ice bath, the mixture was treated slowly with
saturated aqueous sodium bicarbonate until the pH was 8—9. Di-tert-
butyl-bicarbonate (Boc,O, 90.5 mg, 0.415 mmol, 110 mol %) was
added to the biphasic mixture, which was stirred vigorously for 1 h when
TLC showed a less polar product [R;= 0.64 (80% EtOAc in hexanes)]
and mass spectrometric analysis showed disappearance of the molecular
ion corresponding to the amine and appearance of an ion for
corresponding carbamate 13. The volatiles were evaporated, and the
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residue was partitioned between EtOAc (10 mL) and water (S mL).
The organic layer was separated, dried over Na,SO,, filtered, and
evaporated to a residue, which was purified by flash chromatography
(ona 30 cm X 2.5 cm fritted disk column containing 3$ g of silica gel)
eluting with a gradient of 50—90% of EtOAc in hexanes. Evaporation of
the collected fractions under reduced pressure (bath temperature 40
°C) afforded N-Boc-desmethylanisomycin (13, 130 mg, 98%) as a
white solid: R; = 0.64 (20% hexanes in EtOAc); LC—MS analysis (4 =
214 nm) RT = 9.26 min, >99% purity, using 10—90% MeOH (0.1%
FA) in water (0.1% FA) over 14 min; m/z = 374.1 [M + Na]*. '"H NMR
(400 MHz, CDCl,): 5 6.94 (d,] = 8.7 Hz,2H), 6.73 (d, ] = 7.2 Hz, 2H),
4.86 (t,] = 5.9 Hz, 1H), 4.35 (q, ] = 6.3 Hz, 1H), 3.9 (brs, 1H), 3.49—
3.26 (m, 3H), 2.78 (s, 2H), 2.06 (s, 3H), 1.45 (s, 9H). BC{'H} NMR
(100 MHz, CDCL,): 6 171.2, 155.0, 146.8, 130.6, 129.0, 115.6, 85.3,
80.8, 79.0, 71.2, 58.8, 28.5, 27.5, 21.0. HRMS (ESI*) calcd m/z for
C,sH,sNOgNa [M + Na]* 374.1574; found, 374.1572.

tert-Butyl (2R,3S,4S)-3-acetoxy-2-(4-(2-(benzyloxy)-2-
oxoethoxy)benzyl)-4-hydroxypyrrolidine-1-carboxylate (14). A
flame-dried 5 mL round-bottom flask under a nitrogen atmosphere
was charged with carbamate 13 (30 mg, 0.084 mmol, 100 mol %),
which was dissolved in dry DMF (0.54 mL, 155 mM), treated with
Cs,CO; (33.4 mg, 0.102 mmol, 120 mol %), stirred for S min, treated
with a 0.44 M solution of benzyl bromoacetate in DMF (0.24 mL, 0.103
mmol, 120 mol %), heated at 65 °C, and stirred for 3 h, until TLC
showed disappearance of starting material and appearance of a less
polar spot corresponding to benzyl ester 14 [R;= 0.28 (30% EtOAc in
hexanes)]. The reaction mixture was transferred to a Falcon 15 mL
conical centrifuge tube and partitioned between EtOAc (5 mL) and
water (S mL), and the organic phase was washed with water (S mL).
The combined aqueous layer was back-extracted with EtOAc (2 X S
mL). The combined organic layer was washed with brine (3 mL), dried
over Na,SO,, filtered, and evaporated to a residue which was purified by
flash chromatography (on a 30 cm X 1.5 cm fritted disc column
containing 15.4 g of silica gel) eluting with a gradient of 10—60% of
EtOAc in hexanes. Evaporation of the collected fractions under reduced
pressure (bath temperature 40 °C) afforded ester 14 (34.1 mg, 80%) as
a viscous colorless oil: R; = 0.28 (30% EtOAc in hexanes): LC—MS
analysis (4 = 214 nm), RT = 9.30 min, >99% purity, using 10—90%
MeCN (0.1% FA) in water (0.1% FA) over 14 min; m/z = 522.2 [M +
Na]*. '"H NMR (400 MHz, CDCL,): § 7.36—7.33 (m, SH), 7.06 (d, ] =
6.6 Hz, 2H), 6.79 (d, ] = 8.7 Hz, 2H), 5.23 (s, 2H), 4.87 (t, ] = 6.0 Hz,
1H), 4.62 (s, 2H), 4.37 (m, 1H), 4.01 (m, 1H), 3.46 (m, 1H), 3.33 (m,
1H), 3.07—2.72 (m, 3H), 2.06 (s, 3H), 1.45 (s, 9H). *C{'H} NMR
(100 MHz, CDCl,): § 171.0, 169.0, 156.5, 154.6, 135.3, 131.4, 130.6,
128.8, 128.7, 128.6, 114.8, 80.2, 80.2, 79.3, 71.8, 67.1, 65.6, 58.9, 29.8,
28.6, 21.0. HRMS (ESI*) caled m/z for C,;H;3NOgNa [M + Na]*
522.2098; found, 522.2084.

HCC(CH,),CO-Val(Me)-Val-Val-Ala-Phe-NH(CH,)sNH—CO—CH,—
anisomycin (18). A flame-dried 10 mL round-bottom flask with a 10
mm X 4 mm magnetic stir bar under an argon atmosphere was charged
with benzyl ester 14 (41.9 mg, 83.9 umol, 100 mol %), which was
dissolved in MeOH (4.93 mL, 17 mM), and treated with Pd/C (4.19
mg, 10 wt %). The flask was purged thrice with argon. After stirring for
30 min, the mixture was placed under a balloon of hydrogen and stirred
for 1 h, when TLC with staining using bromocresol green indicated the
complete removal of the benzyl protection. The reaction mixture was
filtered through Celite. The filtrate was evaporated to give O-
carboxymethyl anisomycin 1S, which was used without further
purification. A solution of MeVal'-almiramide 11 (34 mg, 0.044
mmol, 100 mol %)*° in dry CH,Cl, (15 mL) was treated with acid 15
(21.7 mg, 0.053 mmol, 120 mol %), DCC (10.9 mg, 0.053 mmol, 120
mol %), and HOBt (7.15 mg, 0.053 mmol, 120 mol %), stirred for 48 h,
and filtered through Celite. The filter cake was washed with CH,Cl,.
The filtrate and washings were evaporated under reduced pressure. The
residue was purified by HPLC on a C18 column using a gradient of 30%
to 90% MeOH (0.1% FA) in H,0 (0.1% FA). Evaporation of the
collected fractions afforded a white solid (29 mg, 6% yield [RT 10.4
min, 50—90% MeOH (0.1% FA) in H,O (0.1% FA) over 14 min),
which was dissolved in DCM (S mL) and treated with HCI gas bubbles
for 1 h. Evaporation of the volatiles under reduced pressure gave

conjugate 18 (20.4 mg, 44%): LC—MS analysis (4 = 280 nm) RT 7.77
min, >99% purity, using 10—90% MeOH (0.1% FA) in H,0 (0.1% FA),
over 14 min]. HRMS (ESI") caled m/z for CsHgsNgOy; [M + HJ*
1045.6332; found, 1045.6339.

HCC(CH,),CO-Val-Val-Val-Ala-Phe(Me)-NH(CH,) ,;NH—CO—CH,—
anisomycin (19). A solution of Phe(Me)’-almiramide 12*¢ (34 mg,
0.044 mmol, 100 mol %) in dry CH,Cl, (15 mL) was treated with acid
15 (21.7 mg, 0.053 mmol, 120 mol %), DCC (10.9 mg, 0.053 mmol,
120 mol %), and HOBt (7.15 mg, 0.053 mmol, 120 mol %) and stirred
for 48 h and filtered through Celite. The filter cake was washed with
CH,Cl,. The filtrate and washings were evaporated under reduced
pressure. 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).
Evaporation of the collected fractions afforded a white solid {32 mg, 7%
yield [RT 10.47 min, 50—90% MeOH (0.1% FA) in H,O (0.1% FA)]
over 14 min}, which was dissolved in DCM (5 mL) and treated with
HCI gas bubbles for 1 h. Evaporation of the volatiles under reduced
pressure gave conjugate 19 (17.8 mg, 39%): LC—MS analysis (1 = 280
nm) RT 7.82 min, >99% purity, using 10—90% MeOH (0.1% FA) in
H,0 (0.1% FA), over 14 min]. HRMS (ESI*) caled m/z for
CysHgsNgO,, [M + H]* 1045.6332; found, 1045.6341.

(2R, 35,4S5)-4-Hydroxy-2-(4-(prop-2-yn-1-yloxy)benzyl)pyrrolidin-
3-yl Acetate Hydrochloride (20). A flame-dried 10 mL round-bottom
flask under an inert N, atmosphere was charged with N-Boc-
desmethylanisomycin (13, 37.9 mg, 0.108 mmol, 100 mol %) in dry
DMEF (5.39 mL, 20 mM). The solution was treated with Cs,CO; (42.2
mg, 0.129 mmol, 120 mol %), stirred for S min, treated with propargyl
bromide (80 wt % in toluene, 11.6 L, 0.129 mmol, 120 mol %), heated
at 65 °C, and stirred for 2 h, when TLC showed disappearance of
phenol 13 and appearance of a less polar spot corresponding to N-Boc-
O-propargyl ether [R; = 0.17, 30% EtOAc in hexanes]. The reaction
mixture was transferred to a 30 mL separating funnel and partitioned
between EtOAc (12 mL) and water (12 mL). The aqueous layer was
extracted with EtOAc (2 X 12 mL). The combined organic layer was
washed with brine (12 mL), dried over Na,SO,, filtered, and evaporated
to a residue, which was purified by flash chromatography (ona 30 X 1.5
cm fritted disk column containing 15.0 g of silica gel) eluting with a
gradient of 10—50% of EtOAc in hexanes. Evaporation of the collected
fractions under reduced pressure (bath temperature 40 °C) afforded a
viscous colorless oil (28.7 mg, 68% yield): '"H NMR (400 MHz,
CDCl,): §7.08 (d,J=7.7 Hz,2H), 6.88 (d, ] = 8.9 Hz, 2H), 4.89 (t,] =
6.2 Hz, 1H), 4.66 (d, ] = 2.4 Hz, 2H), 4.41—4.36 (m, 1H), 4.03 (m,
1H), 3.48 (m, 1H), 3.35 (m, 1H), 2.99 (m, 1H), 2.87—2.81 (m, 1H),
2.54—2.50 (overlapping m and t, ] = 2.4 Hz, 2H), 2.08 (s, 3H), 1.46 (s,
9H). The oil was dissolved in dry DCM (3.68 mL, 20 mM) and treated
with HCI gas bubbles for 30 min when TLC showed the disappearance
of the starting material and appearance of a ninhydrin and KMnO,
active baseline spot (30% EtOAc in hexanes). Evaporation of the
volatiles on a rotary evaporator equipped with a trap containing
saturated NaHCO; gave the O-propargyl ether hydrochloride 20 as a
white solid (16.8 mg, 70%): LC—MS analysis (4 = 214 nm), >99%
purity [RT 3.61 min, 10—90% MeOH (0.1% FA) in H,0 (0.1% FA);
RT 5.16 min, 5—50% MeCN (0.1% FA) in H,O (0.1% FA), over 14
min, respectively]. '"H NMR (400 MHz, D,0): § 7.29 (d, ] = 8.7 Hz,
2H), 7.07 (d,] = 8.7 Hz, 2H), 5.12 (d,] = 3.2 Hz, 1H), 4.80 (d, ] = 2.4
Hz, 2H), 4.49 (brd, ] = 4.9 Hz, 1H), 428 (td, ] = 8.8, 3.6 Hz, 1H), 3.72
(dd, J=13.5,5.0 Hz, 1H), 3.29 (d, ] = 13.5 Hz, 1H), 3.15 (dd, ] = 14.3,
7.2 Hz, 1H), 3.08 (dd, ] = 14.1, 8.6 Hz, 1H), 2.95 (t, ] = 2.4 Hz, 1H),
2.21 (s, 3H); BC{*H} NMR (100 MHz, D,0): § 172.2, 156.0, 130.0,
129.1, 115.7, 78.7, 76.9, 76.7, 72.0, 61.9, 56.0, 50.8, 30.4, 20.1. HRMS
(ESI*) caled m/z for C,¢H,,NO, [M + H]* 290.1387; found, 290.1387.

(2R,3S,45)-4-Hydroxy-2-(4-(pent-4-yn-1-yloxy)benzyl)pyrrolidin-
3-yl Acetate Hydrochloride (21). Employing the protocol used for the
preparation of ether 20, N-Boc-desmethylanisomycin (13, 30.0 mg,
0.085 mmol, 100 mol %) in DMF (4.25 mL, 20.1 mM) was treated with
Cs,CO; (41.7 mg, 0.128 mmol, 150 mol %) and pent-4-yn-1-yl-4-
methylbenzenesulfonate (22.4 mg, 0.0934 mmol, 110 mol %). After 75
min, TLC indicated the reaction completion. After aqueous workup,
the N-Boc-O-pentynyl ether [R; = 0.53, 50% EtOAc in hexanes] was
purified by flash chromatography (on a 30 cm X 1.5 cm fritted-disc
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column containing 15.5 g of silica gel) eluting with a gradient of 10—
50% of EtOAc in hexanes. Evaporation of the collected fractions under
reduced pressure (bath temperature 40 °C) afforded a viscous colorless
oil (34.5 mg, 97% yield): "H NMR (400 MHz, CDCL): § 7.06 (d, ] =
7.0 Hz, 2H), 6.80 (d, ] = 8.6 Hz, 2H), 4.89 (t, ] = 6.1 Hz, 1H), 4.39 (m,
1H), 4.03—3.98 (overlapping m and t, ] = 6.2 Hz, 3H), 3.48 (m, 1H),
3.33 (m, 1H), 3.04—2.85 (m, 2H), 2.40 (td, J = 7.1, 2.6 Hz, 2H), 2.10 (s,
3H), 2.01—-1.96 (m, 3H), 1.46 (s, 9H).

The residue was dissolved in dry DCM (8.21 mL, 10.1 mM) and
treated with HCI gas bubbles when a white precipitate formed. After 1
h, TLC showed the disappearance of the starting material and
appearance of a ninhydrin and KMnO, active baseline spot (50%
EtOAc in hexanes). The volatiles were evaporated. The residue was
triturated with diethyl ether (2 X S mL) to provide O-pentyl ether
hydrochloride 21 as a white solid (23 mg, 79%): LC—MS analysis (4 =
214 nm), >99% purity [RT 4.08 min, 10—90% MeOH (0.1% FA) in
H,0 (0.1% FA), and RT 5.84 min, 10—90% MeCN (0.1% FA) in H,0O
(0.1% FA), over 14 min, respectively]. 'H NMR (400 MHz, CD;0D):
§7.22(d,J=8.5Hz,2H), 6.93 (d,] = 8.5 Hz, 2H), 5.07 (d, ] = 3.2 Hz,
1H),4.36 (brd, ] = 4.4 Hz, 1H), 4.19—4.15 (m, 1H), 4.06 (t, ] = 6.2 Hz,
2H),3.59 (dd,J=12.8,4.6 Hz, 1H), 3.19 (d, ] = 12.9 Hz, 1H), 3.09 (dd,
J=14.6,6.7 Hz, 1H), 2.95 (dd, ] = 14.3, 8.7 Hz, 1H), 2.37 (td, ] = 7.0,
2.6 Hz, 2H), 2.24 (t, ] = 2.6 Hz, 1H), 2.18 (s, 3H), 1.95 (quint, 2H);
BC{'H} NMR (100 MHz, CD,0OD): § 170.8, 159.9, 131.0, 129.0,
116.2, 84.1, 783, 73.4, 70.0, 67.4, 63.7, 52.6, 32.2, 29.4, 20.6, 15.7.
LCMS (ESI+) m/z for C,iH,;NO, [M + H]* 318.1. HRMS (ESI*)
caled m/z for C;gH,,NO, [M + H]* 318.1699; found, 318.1695.

(2R,3S,4S)-2-(4-(Hex-5-yn-1-yloxy)benzyl)-4-hydroxypyrrolidin-3-
yl Acetate Hydrochloride (22). Employing the protocol used for the
preparation of ether 20, using N-Boc-desmethylanisomycin (13, 50.0
mg, 0.142 mmol, 100 mol %) in dry DMF (1.7 mL, 83.7 mM), Cs,CO,
(55.6 mg, 0.171 mmol, 120 mol %) and hex-S-yn-1-yl-4-methylbenze-
nesulfonate (43.1 mg, 0.171 mmol, 120 mol %) were treated. After
aqueous workup, the N-Boc-O-hexynyl ether [R;= 0.55, 50% EtOAc in
hexanes] was purified by flash chromatography (on a 30 cm X 1.5 cm
fritted-disc column containing 15.3 g of silica gel), eluting with a
gradient of 10—30% EtOAc in hexanes. Evaporation of the collected
fractions under reduced pressure (bath temperature 40 °C) afforded as
a viscous colorless oil (34.1 mg, 56% yield): '"H NMR (400 MHz,
CDCL): §7.04 (d, ] = 8.0 Hz, 2H), 6.78 (d, ] = 8.7 Hz, 2H), 4.88 (t, ] =
6.2 Hz, 1H), 4.39—4.35 (m, 1H), 4.00—3.94 (overlapping m and t, ] =
6.3 Hz, 3H), 3.46 (m, 1H), 3.3 (m, 1H), 3.05—2.79 (m, 3H), 2.26 (td, J
=7.1,2.6 Hz, 2H), 2.08 (s, 3H), 1.96 (t, J = 2.6 Hz,1H), 1.92—1.85 (m,
2H), 1.74—1.67 (m, 2H), 1.45 (s, 9H).

The residue was dissolved in dry DCM (3.95 mL, 20 mM) and
treated with HCl gas bubbles when a white precipitate formed. After 30
min, TLC showed the disappearance of the starting material and the
appearance of a ninhydrin and KMnO, active baseline spot (50%
EtOAc in hexane). The volatiles were evaporated. The residue was
triturated with diethyl ether (2 X S mL). Analysis by LC—MS (1 =214
nm, 10-90% MeOH (0.1% FA) in water (0.1% FA), over 14 min)
showed the triturated residue (RT = 7.05 min; m/z=332.2 [M+H] ")
to be of 90% purity contaminated with product having a molecular ion
corresponding to the desmethylanisomycin (10%, RT = 2.43 min, m/z
=252.1 [M + H] *). Purification by reverse-phase HPLC on a Waters
C18 column (SunFire, particle size, 10 ym, 150 mm X 10 mm) and
evaporation of the collected fractions gave O-hexynyl ether 22 as a
white solid (20 mg, 69%): LC—MS analysis (4 = 214 nm), >99% purity
[RT 6.82, 10—90% MeOH (0.1% FA) in H,0 (0.1% FA), and RT 5.99
min, 10-90% MeCN (0.1% FA) in H,O (0.1% FA), over 14 min,
respectively]. "H NMR (400 MHz, D,0): § 8.45 (s, 1H), 7.26 (d, ] =
8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 5.09 (d, ] = 3.1 Hz, 1H), 4.47 (br
d,J=4.7Hz, 1H), 4.25 (td, ] = 8.6, 3.5 Hz, 1H), 4.10 (t, ] = 6.4 Hz, 2H),
3.69 (dd, J=13.1,4.8 Hz, 1H), 3.26 (d, J = 13.3 Hz, 1H), 3.13 (dd, ] =
14.2,7.2 Hz, 1H), 3.07 (dd, ] = 14.5, 8.9 Hz, 1H), 2.35 (t, ] = 2.7 Hz,
1H), 2.28 (td, J = 6.9, 2.5 Hz, 2H), 2.21 (s, 3H), 1.91—1.84 (m, 2H),
1.72—1.64 (m, 2H); *C{’"H} NMR (100 MHz, D,0): § 172.2, 157.4,
130.0, 128.4, 115.4, 85.8, 77.0, 72.1, 69.3, 68.1, 61.9, 50.8, 30.5, 27.5,
24.3,20.1, 17.3. HRMS (ESI*) calcd m/z for C;qH,(NO, [M + H]*
332.1856; found, 332.1868.

(2R, 35,45)-2-(4-(Hept-6-yn-1-yloxy)benzyl)-4-hydroxypyrrolidin-
3-yl Acetate Hydrochloride (23). Employing the protocol used for the
preparation of ether 20, using N-Boc-desmethylanisomycin (13, 30.4
mg, 0.0865 mmol, 100 mol %) in dry DMF (0.7 mL, 124 mM), Cs,CO5
(33.8 mg, 0.104 mmol, 120 mol %) and hept-6-yn-1-yl-4-
methylbenzenesulfonate (26.0 mg, 0.0978 mmol, 110 mol %) were
added. After heating at 74 °C for 3 h, TLC indicated a complete
reaction. After aqueous workup, the N-Boc-O-heptynyl ether [R,= 0.56,
50% EtOAc in hexanes] was purified by flash chromatography (on a 30
cm X 1.5 cm fritted-disc column containing 15.8 g of silica gel) eluting
with a gradient of 10—30% EtOAc in hexanes. Evaporation of the
collected fractions under reduced pressure (bath temperature 40 °C)
afforded a viscous colorless oil (25.4 mg, 66% yield): '"H NMR (400
MHz, CDCL,): §7.05 (d, ] = 8.2 Hz, 2H), 6.79 (d, ] = 8.6 Hz, 2H), 4.88
(t,J=6.2 Hz, 1H), 4.41—4.36 (m, 1H), 4.02—3.97 (m, 1H), 3.93 (t,] =
6.4 Hz, 2H), 3.48 (m, 1H), 3.33 (m, 1H), 3.02—2.85 (m, 3H), 2.24—
221 (m,2H),2.10 (s, 3H), 1.95 (t, ] = 2.6 Hz, 1H), 1.82—1.75 (m, 2H),
1.62—1.57 (m, 2H), 1.46 (s, 9H), 1.25 (m, 2H).

The residue was dissolved in dry DCM (2.00 mL, 26.3 mM) and
treated with HCl gas bubbles when a white precipitate formed. After 60
min, TLC showed the disappearance of the starting material and the
appearance of a ninhydrin and KMnO, active baseline spot (50%
EtOAc in hexane). The volatiles were evaporated. The residue was
triturated with diethyl ether (2 X S mL). Analysis by LC—MS [4 = 254
nm, 10—90% MeOH (0.1% FA) in water (0.1% FA), over 14 min]
showed the triturated residue (RT = 5.08 min; m/z = [M + H]* =
346.2) to be of 90% purity contaminated with product having a
molecular ion corresponding the desacetyl anisomycin (10%, RT = 4.77
min; m/z = 304.2 [M + H]*). Purification of 23.4 mg of the residue by
reverse-phase HPLC on a Waters C18 column (SunFire, particle size,
10 pm, 150 X 10 mm) and evaporation of the collected fractions gave
O-heptynyl ether 23 as a white solid (10.9 mg, 54%): LC—MS analysis
(4 =214 nm), >99% purity [RT 7.44, 10—90% MeOH (0.1% FA) in
H,0 (0.1% FA), and RT 6.19 min, 10—90% MeCN (0.1% FA) in H,0O
(0.1% FA), over 14 min, respectively]. '"H NMR (400 MHz, CD,0D):
58.54 (brs, 1H), 7.20 (d, ] = 8.5 Hz, 2H), 6.91 (d, ] = 8.7 Hz, 2H), 5.05
(d,J=2.3Hz,1H),4.34 (brd, ] =4.3 Hz, 1H), 4.16—4.11 (m, 1H), 3.96
(t,J=6.2Hz,2H), 3.58 (dd, ] = 12.7, 4.6 Hz, 1H), 3.18 (d, ] = 12.7 Hz,
1H), 3.06 (dd, ] = 14.2, 6.9 Hz, 1H), 2.95 (dd, ] = 14.2, 8.7 Hz, 1H),
2.22-2.18 (m, 3H), 2.17 (s, 3H), 1.82—1.75 (m, 2H), 1.62- 1.54 (m,
4H); BC{'H} NMR (100 MHz, CD;0D): § 170.8, 160.0, 131.0, 129.0,
116.1, 84.9,78.4,73.5, 69.6, 68.9, 63.5, 52.6, 32.3, 29.9, 29.5, 26.3, 20.6,
19.0. HRMS (ESI*) caled m/z for C,oH,sNO, [M + H]" 346.2013;
found, 346.2009.

(2R,35,45)-4-Hydroxy-2-(4-(oct-7-yn-1-yloxy)benzyl)pyrrolidin-3-
yl Acetate (24). Employing the protocol used for the preparation of
ether 20, N-Boc-desmethylanisomycin (13, 20.0 mg, 0.0569 mmol, 100
mol %) in dry DMF (0.45 mL, 126 mM) was treated with Cs,CO; (22.3
mg, 0.0683 mmol, 120 mol %) and oct-7-yn-1-yl-4-methylbenzenesul-
fonate (19.1 mg, 0.0683 mmol, 120 mol %). After the sample was
heated at 65 °C for 2 h, TLC indicated complete reaction. After
aqueous workup, the N-Boc-O-octynyl ether [R; = 0.6, 50% EtOAc in
hexanes] was purified by flash chromatography (on a 30 cm X 1.5 cm
fritted-disc column containing 15.4 g of silica gel) eluting with a
gradient of 10—30% EtOAc in hexanes. Evaporation of the collected
fractions under reduced pressure (bath temperature 40 °C) afforded a
viscous colorless oil (17 mg, 65% yield): 'H NMR (400 MHz, CDCL,):
57.04 (d,J=7.3 Hz, 2H), 6.78 (d, ] = 8.4 Hz, 2H), 4.88 (t, ] = 5.9 Hz,
1H), 4.37 (m, 1H), 4.00 (m, 1H), 3.91 (t, ] = 6.3 Hz, 2H), 3.46 (m,
1H), 3.33 (m, 1H), 3.02—2.80 (m, 2H), 2.62 (m, 1H), 2.20 (td, J = 6.7,
2.3 Hz, 2H), 2.08 (s, 3H), 1.94 (t, ] = 2.3 Hz, 1H), 1.80—1.75 (m, 2H),
1.61—1.54 (m, 2H), 1.46 (overlapping m and s, 11H), 1.25 (br s, 2H).

The residue was dissolved in dry DCM (4.55 mL, 8.46 mM) and
treated with HCI gas bubbles. After 4 h, TLC showed the disappearance
of the starting material and appearance of a ninhydrin and KMnO,
active baseline spot (50% EtOAc in hexanes). The volatiles were
evaporated. The residue was precipitated with diethyl ether (2 X S mL)
and centrifuged to provide the desired O-octynyl ether hydrochloride
24 as a white solid (13.8 mg, 91%): LC—MS analysis (4 = 214 nm),
>99% purity [RT S5.50 min, 10—90% MeOH (0.1% FA) in H,O (0.1%
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FA), and RT 6.34 min, 10—90% MeCN (0.1% FA) in H,0 (0.1% FA),
over 14 min, respectively]. '"H NMR (400 MHz, D,0): §7.19 (d,] = 7.7
Hz, 2H), 6.88 (d, ] = 8.6 Hz, 2H), 4.98 (d, = 3.3 Hz, 1H), 4.46 (br d, |
= 4.7 Hz, 1H), 4.22 (td, ] = 8.2, 3.4 Hz, 1H), 3.92 (t, ] = 6.5 Hz, 2H),
3.71(dd, ] = 13.3,4.5 Hz, 1H), 3.31 (d, ] = 13.6 Hz, 1H), 3.12—3.02 (m,
2H), 2.26 (t, ] = 2.4 Hz, 1H), 2.17 (s, 3H), 2.16—2.14 (m, 2H) 1.73—
1.66 (m, 2H), 1.52- 1.45 (m, 2H), 1.41—1.39 (m, 4H). ; *C{'H} NMR
(100 MHz, D,0): § 171.8, 157.6, 130.0, 127.9, 115.1, 85.7, 76.6, 71.9,
69.1, 68.3, 61.8, 51.0, 30.4, 28.4, 27.9, 27.8, 24.9, 20.2, 17.7. HRMS
(ESI") caled m/z for C, H3NO, [M + H]" 360.2169; found, 360.2163.

(2R,35,45,2'RS)-2-(4-(Hex-5-yn-2'-yloxy)benzyl)-4-hydroxypyrro-
lidin-3-yl Acetate Hydrochloride (25). Employing the protocol used
for the preparation of ether 20, N-Boc-desmethylanisomycin (13, 26.5
mg, 0.0754 mmol, 100 mol %) in dry DMF (0.6 mL, 126 mM) was
treated with Cs,CO; (29.5 mg, 0.0905 mmol, 120 mol %) and hex-5-yn-
2'-yl-4-methylbenzenesulfonate (24.7 mg, 0.098 mmol, 130 mol %).
After the mixture was heated at 70 °C for 3 h, TLC indicated complete
reaction. After aqueous workup, the N-Boc-O-hex-5-yn-2'-yl ether [R;=
0.7, 50% EtOAc in hexanes] was purified by flash chromatography (on a
30 cm X 1.5 cm fritted-disc column containing 15.2 g of silica gel)
eluting with a gradient of 10—30% EtOAc in hexanes. Evaporation of
the collected fractions under reduced pressure (bath temperature 40
°C) afforded a viscous colorless oil (19.7 mg, 61% yield): 'H NMR
(400 MHz, CDCl,): §7.07 (d, ] = 8.2 Hz, 2H), 6.80 (d, ] = 8.5 Hz, 2H),
4.92 (t,] = 6.2 Hz, 1H), 4.53—4.45 (m, 1H), 4.43—4.39 (m, 1H), 4.07
(m, 1H), 3.51 (m, 1H), 3.36 (m, 1H), 3.03-2.83 (m, 2H), 2.51 (m,
1H), 2.37 (td, J = 6.9, 2.1 Hz, 2H), 2.11 (s, 3H), 2.00—1.91 (m, 2H),
1.85—1.77 (m, 1H), 1.48 (s, 9H), 1.32 (d, ] = 5.9 Hz, 3H).

The residue was dissolved in dry DCM (5.40 mL, 8.46 mM) and
treated with HCI gas bubbles when a white precipitate formed. After 4
h, TLC showed the disappearance of the starting material and
appearance of a ninhydrin and KMnO, active baseline spot (50%
EtOAc in hexanes). The volatiles were evaporated. The residue was
precipitated with diethyl ether (2 X S mL) and centrifuged to provide
the desired O-hex-S-yn-2'-yl ether hydrochloride 25 as a white solid
(12.1 mg, 72%): LC—MS analysis (4 = 214 nm), >99% purity [RT 6.64
min, 10—90% MeOH (0.1% FA) in H,0 (0.1% FA), and RT 4.67 min,
10—-90% MeCN (0.1% FA) in H,0O (0.1% FA), over 14 min,
respectively]. "H NMR (400 MHz, D,0): § 7.27 (d, ] = 8.8 Hz, 2H)
(720 (d,J=9 Hz,0.13H)), 7.04 (d, ] = 8.8 Hz, 2H) (6.9 (d, ] = 8.14 Hz,
0.13H)), 5.10 (d, ] = 3.3 Hz, 1H), 4.64 (sext, ] = 6.4 Hz, 1H), 4.48 (br d,
J=4.9Hz,1H),4.27 (td, ] = 8.1,3.3 Hz, 1H), 3.71 (dd, ] = 13.4, 4.9 Hz,
1H), 3.29 (d, J = 13.0 Hz, 1H), 3.16—3.05 (m, 2H), 2.38—2.34 (m,
3H), 2.21 (s, 3H), 1.95—-1.79 (m, 2H), 1.31 (d, J = 6.09 Hz, 3H);
BC{H} NMR (100 MHz, D,0): § 172.2, 156.5, 130.1, 128.6, 117.0,
85.0,76.9,74.3,71.9, 69.5, 61.9, 50.8, 34.1, 30.4, 20.1, 18.7 (18.7), 14.0
(13.6). HRMS (ESI*) caled m/z for C,oH,sNO, [M + H]* 332.1856;
found, 332.1862.

(2R, 3S,4S)-4-Hydroxy-2-(4-propyloxybenzyl)pyrrolidin-3-yl Ace-
tate Hydrochloride (26). Employing the protocol used for the
preparation of ether 20, N-Boc-desmethylanisomycin (13, 25.0 mg,
0.0711 mmol, 100 mol %) in dry DMF (0.6 mL, 119 mM) was treated
with Cs,CO; (25.5 mg, 0.0786 mmol, 110 mol %) and propyl-4-
methylbenzenesulfonate (19.8 mg, 0.0925 mmol, 130 mol %). After the
mixture was heated at 66 °C for 3 h, TLC indicated complete reaction.
After aqueous workup, the N-Boc-O-propyl ether [R; = 0.55, 50%
EtOAc in hexanes] was purified by flash chromatography (on a 30 cm X
1.5 cm fritted-disc column containing 15.4 g of silica gel) eluting with a
gradient of 10—40% EtOAc in hexanes. Evaporation of the collected
fractions under reduced pressure (bath temperature 40 °C) afforded a
viscous colorless oil (18.5 mg, 66% yield): 'H NMR (400 MHz,
CDCly): 67.05 (d,]=7.8 Hz, 2H), 6.79 (d, ] = 8.6 Hz, 2H), 4.88 (t, ] =
6.4Hz, 1H), 4.44—4.35 (m, 1H), 4.00 (m, 1H), 3.87 (t, J= 6.6 Hz, 1H),
3.46 (m, 1H), 3.33 (m, 1H), 3.04—2.80 (m, 2H), 2.63 (m, 1H), 2.08 (s,
3H), 1.78 (sext, ] = 7.31 Hz, 2H), 1.46 (s, 9H), 1.02 (t, ] = 7.3 Hz, 3H).

The residue was dissolved in dry DCM (5.49 mL, 8.56 mM) and
treated with HCl gas bubbles for 3 h, when TLC showed disappearance
of the starting material and appearance of a ninhydrin and KMnO,
active baseline spot (50% EtOAc in hexanes). The volatiles were
evaporated. The residue was precipitated with diethyl ether (2 X SmL)

and centrifuged to provide the desired O-propyl ether hydrochloride 26
as a white solid (13.5 mg, 87%): LC—MS analysis (4 = 214 nm), >99%
purity [RT 4.30 min, 10—90% MeOH (0.1% FA) in H,O (0.1% FA),
and RT 5.76 min, 10—90% MeCN (0.1% FA) in H,0 (0.1% FA), over
14 min, respectively]. "H NMR (400 MHz, D,0): § 7.26 (d, ] = 8.8 Hz,
2H), 7.01 (d, ] = 8.8 Hz, 2H), 5.09 (d, J = 3.3 Hz, 1H), 4.47 (dt, ] = 4.9,
1.2 Hz, 1H), 4.25 (td, ] = 4.9, 1.4 Hz, 1H), 4.03 (t, ] = 6.6 Hz, 2H), 3.70
(dd, J = 13.4, 5.1 Hz, 1H), 3.27 (d, ] = 13.4 Hz, 1H), 3.15-3.03 (m,
2H), 2.21 (s, 3H), 1.77 (sext, 2H), 0.99 (t, ] = 7.2 Hz, 3H); *C{*"H}
NMR (100 MHz, D,0): § 172.2, 157.4, 130.0, 128.3, 115.3, 77.0, 72.1,
70.4, 61.9, 50.8, 30.5, 21.8, 20.1, 9.6. HRMS (ESI*) calcd m/z for
C16H,NO, [M + H]* 294.1699; found, 294.1697.

(2R,3S,4S)-4-Hydroxy-2-(4-(pentyloxy)benzyl)pyrrolidin-3-yl Ace-
tate Hydrochloride (27). Employing the protocol used for the
preparation of ether 20, N-Boc-desmethylanisomycin (13, 25.0 mg,
0.0711 mmol, 100 mol %) in dry DMF (0.6 mL, 119 mM) was treated
with Cs,CO; (25.5 mg, 0.0783 mmol, 110 mol %) and pentyl-4-
methylbenzenesulfonate (19.8 mg, 0.0925 mmol, 130 mol %). After the
sample was heated at 77 °C for 90 min, TLC indicated complete
reaction. After aqueous workup, the N-Boc-O-pentyl ether [R; = 0.59,
50% EtOAc in hexanes] was purified by flash chromatography (on a 30
cm X 1.5 cm fritted-disc column containing 15.7 g of silica gel) eluting
with a gradient of 10—35% of EtOAc in hexanes. Evaporation of the
collected fractions under reduced pressure (bath temperature 40 °C)
afforded a viscous colorless oil (13.2 mg, 44% yield): '"H NMR (400
MHz, CDCL,): §7.05 (d, ] = 8.0 Hz, 2H), 6.80 (d, ] = 8.4 Hz, 2H), 4.88
(t, ] = 6.1 Hz, 1H), 4.40—4.36 (m, 1H), 4.00 (m, 1H), 3.91 (t, ] = 6.5
Hz, 2H), 3.47 (m, 1H), 3.33 (m, 1H), 3.04—2.65 (m, 2H), 2.65 (m,
1H), 2.08 (s, 3H), 1.80—1.73 (m, 2H), 1.46 (s, 9H), 1.43—1.35 (m,
4H), 0.93 (t, ] = 6.9 Hz, 3H).

After treatment of the residue in dry DCM (3.70 mL, 8.56 mM) with
HCI gas bubbles for 1 h, TLC showed the disappearance of the starting
material and the appearance of a ninhydrin and KMnO, active baseline
spot (50% EtOAc in hexanes). The volatiles were evaporated. The
residue was precipitated with diethyl ether (2 X 5 mL) and centrifuged
to provide the desired O-pentyl ether hydrochloride 27 as a white solid
(7.31 mg, 65%): LC—MS analysis (1 =214 nm), >99% purity [RT 4.30
min, 10—90% MeOH (0.1% FA) in H,O (0.1% FA), and RT 6.27 min,
10-90% MeCN (0.1% FA) in H,0O (0.1% FA), over 14 min,
respectively]. "H NMR (400 MHz, D,0): § 7.25 (d, ] = 8.2 Hz, 2H),
6.98 (d, J = 8.2 Hz, 2H), 5.08 (d, ] = 2.9 Hz, 1H), 448 (d, ] = 4.7 Hz,
1H), 4.25 (td, ] = 8.3,3.5 Hz, 1H), 4.05 (t, ] = 6.6 Hz,2H), 3.70 (dd, J =
13.7, 4.9 Hz, 1H), 3.29 (d, J = 13.3 Hz, 1H), 3.15—3.03 (m, 2H), 2.20
(s, 3H), 1.75 (quint, 2H), 1.44—1.29 (m, 4H), 0.88 (t, ] = 7.0 Hz, 3H);
BC{'H} NMR (100 MHz, D,0): § 172.2, 157.4, 130.0, 128.2, 115.3,
76.8, 72.0, 68.8, 61.9, 50.8, 30.4, 28.0, 27.4, 21.8, 20.1, 13.3. HRMS
(ESI*) caled m/z for C,gH,sNO, [M + H]" 322.2013; found, 322.2010.

(2R, 35,45)-4-Hydroxy-2-(4-(octyloxy)benzyl)pyrrolidin-3-yl Ace-
tate Hydrochloride (28). Employing the protocol used for the
preparation of ether 20, N-Boc-desmethylanisomycin (13, 18.0 mg,
0.0512 mmol, 100 mol %) in dry DMF (2.74 mL, 18.7 mM) was treated
with Cs,CO5 (2.74 mL, 18.7 mM) and octyl iodide (14.8 mg, 0.061S
mmol, 130 mol %). After heating at 65 °C for 2 h, TLC indicated
complete reaction. After aqueous workup, the N-Boc-O-octyl ether [R;
= 0.63, S0% EtOAc in hexanes] was purified by flash chromatography
(ona30cm X 1.5 cm fritted-disc column containing 15.6 g of silica gel),
eluting with a gradient of 10—35% EtOAc in hexanes. Evaporation of
the collected fractions under reduced pressure (bath temperature 40
°C) afforded a viscous colorless oil (11.9 mg, 50% yield): '"H NMR
(400 MHz, CD;0D): 5 7.07 (br d, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.80
(t, J = 5.6 Hz, 1H), 4.29 (ddd, ] = 9.3, 6.0, 4.6 Hz, 1H), 4.05 (m, 1H),
3.92 (t, ] = 6.4 Hz, 2H), 3.47—3.43 (m, 1H), 3.32—3.28 (m, 2H), 3.15
(br d, J = 13.1 Hz, 1H), 2.96 (br d, ] = 11.0 Hz, 1H), 2.77-2.73 (m,
1H), 2.05 (s, 3H), 1.77—1.70 (m, 2H), 1.48—1.45 (m, 9H), 1.34—1.28
(m, 9H), 0.92—0.88 (m, 3H).

The residue was dissolved in dry DCM (3.00 mL, 8.56 mM) and
treated with HCI gas bubbles. After 1 h, TLC showed the disappearance
of the starting material and appearance of a ninhydrin and KMnO,
active baseline spot (50% EtOAc in hexanes). The volatiles were
evaporated. The residue was precipitated with diethyl ether (2 X SmL)
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and centrifuged to provide the desired O-octyl ether hydrochloride 28
as white solid (8.01 mg, 78%): LC—MS analysis (4 = 214 nm), >99%
purity [RT 9.28 min, 10—90% MeOH (0.1% FA) in H,0 (0.1% FA),
and RT 6.96 min, 10—90% MeCN (0.1% FA) in H,0 (0.1% FA), over
14 min, respectively]. '"H NMR (400 MHz, CD;0D): §7.21 (d, ] = 8.8
Hz, 2H), 6.90 (d, ] = 8.6 Hz, 2H), 5.07 (d, ] = 3.2 Hz, 1H), 4.35 (br d, ]
=4.7Hz, 1H), 4.18 (dd, ] = 6.7, 3.4 Hz, 1H), 4.15 (dd, ] = 5.7, 2.4 Hz,
1H), 3.95 (t,J= 6.2 Hz,2H), 3.58 (dd, J = 12.7, 44 Hz, 1H),3.29 (d,] =
13.6 Hz, 1H), 3.08 (dd, ] = 14.6, 7.1 Hz, 1H), 2.94 (dd, ] = 14.3, 8.9 Hz,
1H), 2.18 (s, 3H), 1.79—1.72 (m, 2H), 1.50—1.43 (m, 2H), 1.38—1.29
(m, 8H) 0.90 (t, ] = 7.0 Hz, 3H); *C{*H} NMR (100 MHz, CD,0D):
6 170.8, 160.1, 130.9, 128.8, 116.1, 78.3, 73.4, 69.1, 63.7, 52.6, 33.0,
32.2,30.5,30.4,30.3,27.1, 23.7, 20.6, 14.4. HRMS (ESI*) caled m/z for
C,Hy,NO, [M + H]* 364.2475; found, 364.2482.

(2R,35,4S5)-2-(4-(2-(2-Ethoxyethoxy)ethoxy)benzyl)-4-hydroxy-
pyrrolidin-3-yl Acetate Hydrochloride (29). Employing the protocol
used for the preparation of ether 20, N-Boc-desmethylanisomycin (13,
25.0 mg, 0.0711 mmol, 100 mol %) in dry DMF (0.6 mL, 119 mM) was
treated with Cs,CO; (25.5 mg, 0.0783 mmol, 110 mol %) and 2-(2-
ethoxyethoxy)ethyl-4-methylbenzenesulfonate (26.7 mg, 0.0925
mmol, 130 mol %). After the mixture was heated at 70 °C for 90
min, TLC indicated complete reaction. After aqueous workup, the N-
Boc-0-2-(2-ethoxyethoxy)ethyl ether [R; = 0.47, 80% EtOAc in
hexanes] was purified by flash chromatography (on a 30 cm X 1.5 cm
fritted-disc column containing 15.6 g of silica gel) eluting with a
gradient of 10—35% EtOAc in hexanes. Evaporation of the collected
fractions under reduced pressure (bath temperature 40 °C) afforded a
viscous colorless oil (25 mg, 75% yield): 'H NMR (400 MHz, CDCL,):
87.05(d, J=8.2Hz,2H), 6.81 (d, ] = 8.5 Hz,2H), 4.87 (t, ] = 6.3 Hz,
1H), 4.39—4.35 (m, 1H), 4.09 (t,] = 4.5 Hz, 2H), 3.98 (m, 1H), 3.84 (,
J = 5.1 Hz, 2H), 3.72—3.69 (m, 2H), 3.62—3.59 (m, 2H), 3.53 (q, ] =
7.0 Hz, 2H), 3.45 (m, 1H), 3.31 (m, 1H), 3.04—2.80 (m, 2H), 2.66 (m,
1H), 2.08 (s, 3H), 1.46 (s, 9H), 1.21 (t, ] = 6.9 Hz, 3H).

After treating the residue in dry DCM (3.70 mL, 8.56 mM) with HCI
gas bubbles for 1 h, TLC showed the disappearance of the starting
material and the appearance of a ninhydrin and KMnO, active baseline
spot (80% EtOAc in hexanes). The volatiles were evaporated. The
residue was precipitated with diethyl ether (2 X S mL) and centrifuged
to provide the desired O-2-(2-ethoxyethoxy)ethyl ether hydrochloride
29 as a sticky light yellow oil (19.5 mg, 90%): LC—MS analysis (1 =214
nm), >99% purity [RT 3.79 min, 10—90% MeOH (0.1% FA) in H,0
(0.1% FA), and RT 5.36 min, 10—90% MeCN (0.1% FA) in H,0 (0.1%
FA), over 14 min, respectively]. '"H NMR (400 MHz, D,0): §7.28 (d,
= 8.9 Hz, 2H), 7.02 (d, ] = 8.6 Hz, 2H), 5.11 (d, ] = 3.2 Hz, 1H), 4.49
(brd, J = 4.7 Hz, 1H), 4.29-4.25 (m, 1H), 423—4.21 (m, 2H), 3.89—
3.87 (m, 2H), 3.75—3.71 (m, 3H), 3.69—3.65 (m, 3H), 3.58 (q, ] =72
Hz, 2H), 3.28 (d, ] = 13.3 Hz, 1H) 3.16—3.04 (m, 2H), 2.21 (s, 3H),
1.18 (t, J = 7.1 Hz, 3H); “C{*H} NMR (100 MHz, D,0): § 172.2,
157.2,130.0, 128.5, 115.3, 76.9, 72.0, 69.7, 69.0, 68.9, 67.2, 66.6, 61.9,
50.8, 30.4, 20.1, 14.0. HRMS (ESI*) calcd m/z for C,gH3NOg [M +
H]" 368.2068; found, 368.2050.

Pent-4-yn-1-yl-4-Methylbenzenesulfonate. In a flame-dried 100
mL round-bottom flask fitted with 24 mm rubber septum and 15 mm X
7.5 mm cylindrical PTFE coated magnetic stir bar under an inert N,
atmosphere, a solution of pent-4-yn-1-ol (841 mg, 10 mmol, 100 mol
%), triethylamine (1.32 g, 13 mmol, 130 mol %), and DMAP (122 mg, 1
mmol, 10 mol %) in dry DCM (56 mL, 179 mM) was cooled to 0 °C
and treated portion-wise over 30 min with five portions (420 mg per
portion) of p-toluene sulfonyl chloride (2.10 g, 11 mmol, 110 mol %).
The reaction mixture was warmed to rt and stirred for 6 h, when TLC
showed the disappearance of the alcohol spot and the appearance of a
less polar spot. The reaction mixture was diluted with DCM (30 mL)
and washed with water (20 mL) and brine (20 mL). The organic layer
was dried over NaSO,, filtered, and concentrated under reduced
pressure. The reduced volume was passed through a pad of silica to
remove residual 4-dimethylaminopyridinium chloride. The silica pad
was eluted with ethyl acetate to obtain pent-4-yn-1-yl tosylate (1.86 g,
78% yield) as a light orange oil: R;= 0.60 (20% EtOAc in hexanes). 'H
NMR (400 MHz, CDCl,): § 7.78 (d, ] = 8.5 Hz, 2H), 7.34 (d, ] = 8.1
Hz,2H), 4.13 (t,] = 6.1 Hz, 2H), 2.44 (s, 3H), 2.25 (td, ] = 6.9, 2.6 Hz,

2H), 1.88—1.82 (m, 3H); *C{'"H} NMR (100 MHz, CDCL,): § 145.0,
133.1, 130.0, 128.1, 82.2, 69.6, 68.9, 27.9, 21.8, 14.8. HRMS (ESI*)
caled m/z for C;,H;505S [M + H]* 239.0736; found, 239.0731.

Hex-5-yn-1-yl 4-Methylbenzenesulfonate. Employing the protocol
used for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfonate,
hex-S-yn-1-ol (300 mg, 3.06 mmol, 100 mol %), triethylamine (402 mg,
3.97 mmol, 130 mol %), and DMAP (37.3 mg, 0.31 mmol, 10 mol %) in
dry DCM (17 mL, 180 mM) were treated with p-toluene sulfonyl
chloride (641 mg, 3.36 mmol, 110 mol %). After 6 h, TLC indicated the
disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica,
hex-S-yn-1-yl tosylate (661 mg, 86% yield) was obtained as a pale-
yellow oil: Ry = 0.21, (10% EtOAc in hexanes). '"H NMR (400 MHz,
CDCl,): 67.76 (d,J = 8.5 Hz,2H), 7.33 (d,] = 7.9 Hz, 2H), 4.03 (t,] =
6.4 Hz, 2H), 2.43 (s, 3H), 2.14 (td, ] = 6.9, 2.5 Hz, 2H), 1.90 (t, ] = 2.6
Hz, 1H), 1.79-1.72 (m, 2H), 1.57—1.49 (m, 2H); C{*H} NMR (100
MHz, CDCl,): 6 144.9, 133.2, 130.0, 128.0, 83.5, 70.0, 69.1, 27.8, 24.3,
21.7, 17.8. HRMS (ESI*) caled m/z for C3H;;,05S [M + H]*
253.0893; found, 253.0887.

Hept-6-yn-1-yl 4-Methylbenzenesulfonate. Employing the proto-
col used for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfo-
nate, hept-6-yn-1-ol (1.0 g, 8.92 mmol, 100 mol %), triethylamine (1.17
g, 11.6 mmol, 130 mol %), and DMAP (109 mg, 0.89 mmol, 10 mol %)
in dry DCM (45 mL, 175 mM) were treated with p-toluene sulfonyl
chloride (1.87 g, 9.81 mmol, 110 mol %). After 3 h, TLC indicated the
disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica,
hept-6-yn-1-yl tosylate (1.99 g, 84% yield) was obtained as a colorless
oil: R;= 0.46, (25% EtOAc in hexanes). "H NMR (400 MHz, CDCL,): §
7.78 (d, ] = 8.3 Hz, 2H), 7.34 (d, ] = 7.9 Hz, 2H), 4.02 (t, ] = 6.5 Hz,
2H), 2.4 (s, 3H), 2.14 (td, ] = 6.8, 2.9 Hz, 2H), 1.92 (t, ] = 2.8 Hz, 1H),
1.66 (quint, 2H), 1.51-1.40 (m, 4H); “C{'H} NMR (100 MHz,
CDCL): & 144.9, 133.3, 130.0, 128.0, 84.1, 70.5, 68.7, 28.5, 27.8, 24.6,
21.8, 18.3. HRMS (ESI*) caled m/z for Ci,H;;0;KS [M + KJ*
305.0608; found, 305.0603.

Oct-7-yn-1-yl 4-Methylbenzenesulfonate. Employing the protocol
used for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfonate,
oct-7-yn-1-0l (300 mg, 2.38 mmol, 100 mol %), triethylamine (313 mg,
3.09 mmol, 130 mol %), and DMAP (29 mg, 0.24 mmol, 10 mol %) in
dry DCM (13 mL, 183 mM) were treated with p-toluene sulfonyl
chloride (499 mg, 2.61 mmol, 110 mol %). After 6 h, TLC indicated the
disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica,
oct-7-yn-1-yl tosylate (567 mg, 84% yield) was obtained as a colorless
oil: Ry=0.94 (20% EtOAc in hexanes). 'H NMR (400 MHz, CDCL,): &
7.75 (d, ] = 8.5 Hz, 2H), 7.32 (d, ] = 8.5 Hz, 2H), 3.99 (t, ] = 6.5 Hz,
2H),2.42 (s, 3H), 2.14 (td, ] = 6.8, 2.9 Hz, 2H), 1.92 (t, ] = 2.8 Hz, 1H),
1.66 ; found, (quint, 2H), 1.47—1.40 (m, 2H), 1.33—1.28 (m, 4H);
BC{'H} NMR (100 MHz, CDCL,): § 144.8, 133.2, 129.9, 127.9, 84.4,
70.6, 68.4,28.7,28.2,28.0,24.9,21.7, 18.3. HRMS (ESI*) caled m/z for
C1sH,,NO,S [M + NH,]* 298.1471; found, 298.1469.

Hex-5-yn-2-yl 4-Methylbenzenesulfonate. Employing the protocol
used for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfonate,
hex-S-yn-2-yl-ol (78.3 mg, 0.78 mmol, 100 mol %), triethylamine (10S
mg, 1.04 mmol, 130 mol %), and DMAP (0.7S mg, 0.08 mmol, 10 mol
%) in dry DCM (4.5 mL, 177 mM) were treated with p-toluene sulfonyl
chloride (167 mg, 0.878 mmol, 110 mol %). After 6 h, TLC indicated
the disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica
gel, hex-5-yn-2-yl tosylate (107 mg, 53% yield) was obtained as a brown
oil: R=0.43, (209% EtOAc in hexanes). "H NMR (400 MHz, CDCl,): §
7.79 (d, ] = 8.3 Hz, 2H), 7.32 (d, ] = 8.0 Hz, 2H), 4.76—4.69 (m, 1H),
2.44 (s, 3H) (2.40 (s, 0.2H)), 2.22—2.02 (m, 2H), 1.87 (t, ] = 2.7 Hz,
1H), 1.86—1.78 (m, 1H), 1.75—1.66 (m, 1H), 1.30 (d, ] = 6.3 Hz, 3H)
(1.38 (d, J = 6.4 Hz, 0.3H)); “C{'H} NMR (100 MHz, CDCL,): §
144.7, 134.4, 129.9 (129.7), 127.8 (128.0), 82.7, 78.9, 69.2, 35.4,
21.7(22.1), 20.9, 14.6(14.3). HRMS (ESI*) caled m/z for C;3H,,0,8
[M + H]* 253.0889; found, 253.0893.

Propyl 4-Methylbenzenesulfonate. Employing the protocol used
for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfonate, 1-

https://doi.org/10.1021/acs.jmedchem.5c01291
J. Med. Chem. 2025, 68, 20264—20282


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

propanol (1.0 g, 16.6 mmol, 100 mol %), triethylamine (2.19 g, 21.6
mmol, 130 mol %), and DMAP (203 mg, 1.66 mmol, 10 mol %) in dry
DCM (90 mL, 163 mM) were treated with p-toluene sulfonyl chloride
(3.5 g, 18.3 mmol, 110 mol %). After 3 h, TLC indicated the
disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica
gel, propyl tosylate (quantitative yield) was obtained as a colorless oil:

= 0.58 (10% EtOAc in hexanes). "H NMR (400 MHz, CDCl,): §
7.77 (d, ] = 8.4 Hz, 2H), 7.33 (d, ] = 8.1 Hz, 2H), 3.97 (t, ] = 6.5 Hz,
2H),2.43 (s, 3H), 2.14 (td, ] = 6.8, 2.9 Hz, 2H), 1.92 (t, ] = 2.8 Hz, 1H),
1.65 (quint, 2H), 0.88 (t, ] = 7.5 Hz, 4H); “C{'H} NMR (100 MHz,
CDCly): § 144.8, 133.3, 129.9, 127.9, 72.3, 22.4, 21.7, 10.0. HRMS
(ESI") caled m/z for CgH;50,S [M + H]* 215.0736; found, 215.0731.

Pentyl 4-Methylbenzenesulfonate. Employing the protocol used
for the preparation of pent-4-yn-1-yl-4-methylbenzenesulfonate, 1-
pentanol (1.0 g, 11.3 mmol, 100 mol %), triethylamine (1.5 g, 14.7
mmol, 130 mol %), and DMAP (139 mg, 1.13 mmol, 10 mol %) in dry
DCM (62 mL, 163 mM) were treated with p-toluene sulfonyl chloride
(24 g 12.5 mmol, 110 mol %). After 3 h, TLC indicated the
disappearance of the alcohol spot and the appearance of a less polar
spot. Following aqueous workup and filtration through a pad of silica
gel, pentyl tosylate (quantitative yield) was obtained as a peach orange
oil: Ry=0.92, (50% EtOAc in hexanes). '"H NMR (400 MHz, CDCL,): &
7.78 (d, ] = 8.3 Hz, 2H), 7.34 (d, ] = 8.0 Hz, 2H), 4.01 (t, ] = 6.7 Hz,
2H), 2.44 (s, 3H), 1.66—1.59 (m, 2H), 1.27—1.24 (m, 4H) 0.84 (t, ] =
7.0 Hz, 3H); C{"H} NMR (100 MHz, CDCL,): § 144.8, 133.4, 129.9,
128.0, 70.8, 28.6, 27.6, 22.2, 21.8, 13.9. HRMS (ESI*) calcd m/z for
C1,H,50,S [M + H]* 243.1049; found, 243.1045.

2-(2-Ethoxyethoxy)ethyl 4-Methylbenzenesulfonate. Employing
the protocol used for the preparation of pent-4-yn-1-yl-4-methyl-
benzenesulfonate, 2-(2-ethoxyethoxy)ethan-1-ol (500 mg, 3.73 mmol,
100 mol %), triethylamine (490 mg, 4.84 mmol, 130 mol %), and
DMAP (45.5 mg, 0.37 mmol, 10 mol %) in dry DCM (20 mL, 163 mM)
were treated with p-toluene sulfonyl chloride (781 mg, 4.10 mmol, 110
mol %). After 3 h, TLC indicated the disappearance of the alcohol spot
and the appearance of a less polar spot. Following aqueous workup and
filtration through a pad of silica, the 2-(2-ethoxyethoxy)ethyl tosylate
(698 mg, 65% yield) was obtained as a colorless oil: R; = 0.32, (30%
EtOAc in hexanes). '"H NMR (400 MHz, CDCL,): §7.78 (d, ] = 8.3 Hz,
2H),7.32 (d, ] = 7.9 Hz, 2H), 4.16—414 (m, 2H), 3.69—3.67 (m, 2H),
3.58—3.55 (m, 2H), 3.51—3.50 (m, 2H), 3.49—3.48 (m, 1H), 3.46 (d,
1H), 2.43 (s, 3H), 1.17 (t, ] = 7.0 Hz, 3H); *C{'H} NMR (100 MHz,
CDCL,): & 144.9, 133.1, 129.9, 128.1, 70.9, 69.8, 69.4, 68.8, 66.8, 21.7,
15.2. HRMS (ESI*) caled m/z for C;3H,,0S [M + H]* 289.1104;
found, 289.1099.
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