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ABSTRACT: Schistosomiasis is a major human parasitic disease afflicting more than 250 million people, historically treated
with chemotherapies praziquantel or oxamniquine. Since oxamniquine is species-specific, killing Schistosoma mansoni but not
other schistosome species (S. haematobium or S. japonicum) and evidence for drug resistant strains is growing, research efforts
have focused on identifying novel approaches. Guided by data from X-ray crystallographic studies and Schistosoma worm killing
assays on oxamniquine, our structure-based drug design approach produced a robust structure—activity relationship (SAR)
program that identified several new lead compounds with effective worm killing. These studies culminated in the discovery of
compound 12a, which demonstrated broad-species activity in killing S. mansoni (75%), S. haematobium (40%), and S. japonicum
(83%).
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chistosomiasis is a neglected tropical disease caused by

flatworms of the genus Schistosoma. After malaria, it is the H >—NH
second most endemic parasitic disease, estimated to affect over N N 0 /\N/\/ QCHs \#}{@’\
250 million people worldwide and is responsible for almost )~ ) b \o. OH
200,000 deaths each year." There are three major pathogenic 0 2
species of Schistosoma: S. haematobium (Africa, 119 million cases), 1 2
S. mansoni, (South America and Africa, 67 million cases), and S. Figure 1. Structure of Praziquantel 1, Mirasan 2, and Oxamniquine 3.
japonicum (South-East Asia, 1 million cases). Although some The hydroxymethyl moiety of 3 is sulfated by SmSULT-OR.

small therapeutics have been employed (Figure 1) to combat the
disease, broad range efficacy and effectiveness to drug-resistant

3

strains of Schistosoma still represent a significant unmet medical

need.” The general antiparasitic drug Praziquantel 1 is the only Received: June 3, 2018
treatment on the market and is active against all species of Accepted: September 14, 2018
Schistosoma. Oxamniquine 3 was discovered through an Published: September 14, 2018
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optimization study on Mirasan 2, a lead found by Kikuth and
Gonnert at Bayer. Compound 2 was found to have schistosomi-
cidalactivity in mice while completelyinactive inamonkeymodel.
It was later discovered that an active metabolite isolated from the
urine of treated mice proved to have high potency on other
species. The Mirasan series was revived at Pfizer in 1968, in which
they found that an active metabolite, the hydroxymethyl
derivative of 2, UK-3883, was three times as potent as 2. Through
structure—activity relationships (SARs) and lead optimization, 3
was developed and used as first-line treatment in Brazil until the
late 1990s and remained in use until 2010.” It has a robust safety
record, butunlike 1, its treatment efficacy islimited to S. mansoni.”

In2013, Valentim etal. discovered the mechanism of action of 3
by a genetic approach and comparison of gene sequences of
oxamniquine-sensitive and resistant S. mansoni. Compound 3 is a
prodrug, which, through sulfation of the hydroxymethyl moiety
(Figure 1), is converted to the active species upon exposure to a
sulfotransferase presentin S. mansoni (SmSULT-OR). The active
drugis then released from the enzyme and alkylates the parasite’s
DNA [inaSy2reaction] resultingin the death of the parasite.S’6 In
order to understand the molecular basis of resistance, SmSULT-
OR was cocrystallized with 3 and the sulfate-depleted version of
its cofactor, 3’-phosphoadenosine 5'-phosphonate (PAP). From
these X-ray structures shown in Figure 2, it was determined that 3
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Figure 2. (A) Oxamniquine 3 bound to SmSULT-OR with key contacts.
(B) Lipophilic pockets (blue and red) above and below OXA structure.

makes 98 contacts with the central cavity of SmSULT-OR, with
the most important interactions being van der Waals interactions
with F39, F153, and M233 as well as three hydrogen bonds with
D91, T157,and D144. Specifically, D91 forms an H-bond with the
benzyl alcohol, T157 with the nitro group, and D144 with N12. As
shown in Figure 2B, lipophilic pockets above and below the
central binding cavity of 3 were identified. Additionally,
phylogenetic analysis found homologous sulfotransferases for S.
haematobium and S. japonicum with SmSULT-OR.

Despite significant sequence identity shared between
SmSULT-OR and the sulfotransferases in S. haematobium
(71%) and S. japonicum (58%), 3 is effective only against S.
mansoni. Alignment of the crystal structures indicates that the
three enzymes have the same catalytic mechanism, but sequence
variations in the active site such as a phenylalanine in SmSULT-
OR (F39) to tyrosine in the others and a glycine in SmSULT-OR
(G143) to valine in S. japonicum were predicted to negatively
impact compound 3’s binding and efficacy for the resistant
species.”® Using a genetic, molecular biology, and biochemistry
approach, we demonstrated that a schistosome sulfotransferase
was responsible for the mode of action of oxamniquine.’
Comparison of the DNA sequence of the sulfotransferase from
a susceptible worm with the sequence from a resistant worm
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identified the deletion of a glutamate at position 142 as
responsible for drug resistance. This was confirmed by a
functional assay and in the crystal structure of the sulfotransfer-
ase,” which showed that deletion of glutamate 142 would likely
disrupt an a-helix containing aspartate 144 that forms a hydrogen
bond to oxamniquine. Current treatment for schistosomiasis uses
a praziquantel monotherapy, and a recent review article provides
evidence for schistosomes with decreased praziquantel sensitivity
n the field in Africa.” Thus, a structure-based design strategy
(Figure 3) of oxamniquine derivatives, to be used alongside
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Figure 3. Design of novel analog subtype 4.

praziquantel as a combination therapy, could possibly surmount
developing praziquantel resistance as the two drugs act on
different targets.

To date, the development of novel antischistosomal agents has
focused on a variety of small molecule approaches,” includin%
statins, 10 cysteine proteases, " anticancer and kinase targets, 2t
and natural products,'” as examples. Additional analog design
approaches have focused on FDA registered drugs, suchas 1 or 3,
as either starting points for further derivatization and/or as the
basis for SAR studies.'“">' More recently, ruthenocenyl- and
terrocenyl-based organometallic oxamniquine conjugates have
also been described.”” Given the high production costs and
diminishing supply of oxamniquine, partially due to a
biotransformation hydroxylation process,”** our approach
focused on developing a novel small molecule that had efficacious
broad-range antischistosomal activity and favorable “drug-like”
physicochemical properties and ultimately provided an oppor-
tunity for a simplified and efficient synthesis approach. Thus, the
goal of our research program was to initiate a structure-based drug
design approach based on the X-ray structural data of SmSULT-
OR and compound 3, as well as the structural information on S.
haematobium and S. japonicum to identify a novel small molecule
that would be capable of effective killing activity across all three
species of Schistosoma and show activity against 1 resistant forms.
Herein we report the design, synthesis, and in vitro evaluation of
novel analogs of compound 3, lead compounds of which have
been shown to be efficacious against all three species of
Schistosoma.

To identify novel, broad-acting antischistosomal agents of
general structure 4, we envisioned structural modifications to 3 to
accomplish the following (Figure 3): (1) maintain the required 4-
amino-2-nitro-benzyl alcohol moiety based on the pro-drug
sulfotransferase mechanism associated with compound 3, (2)
remove an element of rigidity by removing the tetrahydroquino-
line ring of 3 and introduce two rotatable bonds between C10—
N1and N1-C2, (3) install various heterocyclic rings between C2
to N12 to explore the structural effects of different ring sizes, and
(4) introduce lipophilic groups (R = aryl and heteroaryl) off of the
N12 position to possibly access the lipophilic regions highlighted
above in Figure 2B.

In addition to these structure-based drug design objectives, we
also incorporated in silico drug-like physicochemical property
calculations and in silico molecular modeling and docking studies
to aid in compound design cycles. Thus, we aimed to maintain
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favorable “drug-like” physiochemical properties (LogP, tPSA,
MW, and number of hydrogen bond donors/acceptors) across all
analogs to maintain good solubility and ADME properties.”>*°
The analogs prepared for these studies were synthesized as
highlighted in Scheme 1. This synthesis strategy was designed to

Scheme 1. General Synthesis Route To Prepare Compound 4

o
Br NO, Br NO, N NO,
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“Reagents and conditions: (a) BH; THF, THF, 93%; (b) TBSCI,
imidazole, DCM, 81%; (c) pd(OAc),, BINAP, Cs,CO;, 1,4-dioxane,
N-Boc-heterocyclic amine, S0—80%; (d) TBAF, THF, 90—98%; (e)
BF,0Et,, DCM, —10 °C to r.t, 1 h, 71—-99%; (f) NaBH(OAc);, 1,2-
DCE, r.t, RCHO, 50—90%.

accomplish two goals: (1) to have flexibility to incorporate
numerous N-Boc-cyclic amine templates for structural diversity
and (2) to allow for late-stage diversification of the R groups
through reductive amination, both of which would support
evaluation and SAR development across numerous analogs.
Starting from commercially available 4-bromo-2-nitrobenzoic
acid , reduction with BH;-THF"’ followed by protection of the
resulting alcohol as a TBS ether produced the desired compound
6.”* Compound 6 was then used as a common intermediate for
Buchwald—Hartwig amination conditions””*® with a variety of
commercially available N-Boc-protected diamines, producing a
diverse set of cyclic amine templates (compound 7) in moderate
to good yields (50—80%).

Simultaneous deprotection of the N-Boc and TBS-ether groups
in compound 7 under a variety of conditions screened proved to
be problematic and produce complex product mixtures. Thus, a
two-step deprotection sequence utilizing TBAF-mediated
removal of the TBS group (90—98%), followed by BF;OEt,
deprotection of the N-Boc group”' was employed. This two-step
transformation cleanly produced the desired amine 8, which was
then further functionalized via reductive amination conditions
with various aldehydes to produce the final analogs (template 4)
for screening. All analogs were prepared as racemic mixtures.

In orderto test our centralhypothesisin our design strategy, our
first research objective was to explore the effects of various
heterocyclic ring cores and a small number of different R-groups
had on S. mansoni. Table 1 highlights our initial investigations
focused on the 3-aminopyrrolidine (compounds 9a—9g) and 3-
aminopiperidine (compounds 10a—10g) templates. We were
encouraged with the initial result showing the secondary amine
derivative of the 3-aminopiperidine core, compound 10a,
displayed moderate activity (50%) in killing S. mansoni.
Interestingly, the corresponding structural analog in the 3-
aminopyrrolidine series (compound 9a) was found to be
significantly less active than 3 or 10a. These initial results
prompted us to prepare a number of analogs with substitution on
the nitrogen atoms of the piperidine and pyrrolidine rings. Small
alkyl side chains (isopropyl) showed a decrease in S. mansoni
killing activity relative to compound 3, as highlighted by analogs
9band 10b. Increasing the size and aromatic nature of the R-group
produced some interesting results. Benzyl groups showed a
marked increase in S. mansoni killing activity for both series as

969

Table 1. SAR Data on Worm Killing of S. mansoni.

OH
R-N
N NO,
H 9
(L
R”N N NO,
H

9a,10a, R=H

9b, 10b, R = isopropyl

9¢, 10c, R = benzyl

9d, 10d, R = 5-(1-methyl)imidazolylmethyl
9e, 10e, R = 2-pyridylmethyl

9f, 10f, R = 3-indoylmethyl
9g, 10g, R = phenethyl
10
*% Killin, 2% Killing
Entry (5. m,) Entry S.m)
9a 10 10a 50
9b 40 10b 10
9¢ 7515 10c 60
9d 0 10d 20
9e 0 10e 0
of 85+ 15 10f 26
9g 7 10g 40

“Compounds were tested against adult male S. mansoni (S. m.) worms
in vitro. All compounds were tested at a final concentration of 143
UM. Percent killing value and sd are reported. All screens were
performed in experimental and biological triplicate. Positive control,
compound 3 kills 85% =+ 15 of S. mansoni parasites in vitro.

observed with compounds 9c and 10c. Additionally, heterocyclic
groups such as pyridines or imidazoyl (9d—e and 10d—e) were
not well tolerated for either core; however, the 3-indolylmethyl
substitution on the 3-aminopyrrolidine core (compound 9f)
showed equivalent activity to 3. Finally, as a direct comparison to
the secondary piperidine amine 10a, increasing the size of the
heterocyclic ring to an azepane or decreasing the size of the ring to
the corresponding azetidine significantly decreased the activity in
killing S. mansoni (see SI Table S1). Increasing the length of the R
group to phenethyl also showed a decrease in activity (9g and
10g).

Following these results, we expanded our investigations to
include 4-aminopiperidines derivatives as well as the 3-amino-
piperidines and 3-aminopyrrolidine cores. We explored the
effects of benzyl substitution across all three series, testing for
activity on S. mansoni. As highlighted in Table 2, across the series,
benzyl derivatives substituted with certain polar groups (ie.,
—NO,,—CN, —OCH;) orhalogensin the 2- or 4-position showed
a marked decrease across all three templates when compared to
the unsubstituted benzyl derivatives (9c and 10c). However, 2-
trifluoromethyl (12a), 3-trifluoromethyl (11h and 12d), 2-
trifluoromethoxy (11d), and 4-trifluoromethoxy (11g) deriva-
tives were shown to exhibit high activity against S. mansoni
depending on the specific amine core. The trend appears to show
preference for lipophilic moieties, which is consistent with the
tyrosine and phenylalanine residues occupying the binding
pocket for this side chain. To test the limits of these trends, bis-
2,4-trifluoromethyl, 2-methyl, and 4-tert-butyl substitutions of
the 3-aminopiperidine core were prepared; however, they failed to
exhibit any substantial killing activity for S. mansoni (see SI Table
S1).

Based on the SAR results above, compounds 9f, 11d, 11f, 11h,
12a—12d, and 13b—13c were screened against S. haematobium
and if active, S. japonicum (Table 2). Compound 3 is completely
inactive against S. haematobium and S. japonicum. The 3-
aminopyrrolidine analogs 9f, 11f,and 11h showed no appreciable
activity against S. haematobium, while the corresponding p-OCF;
analog, 11g, showed modest activity. Unfortunately, 11g was
inactive against S. japonicum, and the 2-OCFj; derivative 11d was
inactive against S. haematobium. In the 3-aminopiperdine series,

DOI: 10.1021/acsmedchemlett.8000257
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Table 2. SAR Data on Worm Killing of S. mansoni (S. m.), S. haematobium (8. h.), and S. japonicum (8. j.)*

R H
OH R R N NO,
QL e QT X
N OH
N/D\N NO, N N NO,
1 A 12 H 13

3-aminopyrrolidines (11) 3-aminopiperidines (12)
% Killing | % Killing | % Killing % Killing | % Killing | % Killing
Entry R= - Entry R= -
(S. m.) (S. h) (S.j.) (S. m.) (S. h) (S.J.)
1la 2-OMe 7 ND ND 12a 2-CF; 75+5 40 83
11b 2-F 30 ND ND 12b | 2-OCF; 84 <40 ND
llc 2-CF;3 27 ND ND 12¢ | 4-OCF; 40 43 10
11d 2-OCF3 100 <40 ND 12d 3-CF; 100 2 2
1le 4-NO, 17 ND ND 4-aminopiperidines (13)
11f 4-CF;3 100 10 ND Ent R % Killing | % Killing | % Killing
r =
llg 4-OCF3 87 40 0 Y (8. m.) (S. h.) (S.J.)
11h 3-CF; 93 8 ND 13a 2-CF3 20 ND ND
11i 3-OCF3 60 ND ND 13b 4-CF;3 81+11 0 ND
11j 2,4-diCl 17 ND ND 13¢ | 4-OCF3 97 14 ND

“Percent killing value is reported for S. mansoni, S. haematobium, and S. japonicum worms in vitro. All derivatives were solubilized in 100% DMSO
and administered at a final concentration of 143 uM per well for all assays. All screens were performed in experimental and biological triplicate.
Positive control, compound 3 kills 85% =+ 15 of S. mansoni parasites in vitro. ND, not determined.

12a and 12c showed promising activity against S. haematobium,
and compound 12a was found to kill >80% of S. japonicum worms
atthe end of the 12-day study. The most active 4-aminopiperidine
analogs in S. mansoni (13b and 13c) were found to be void of any
appreciable activity against S. haematobium.

The worm killing SAR differences can be influenced by factors
outside of direct SmSULT-OR binding interactions, such as
kinetics of the sulfotransferase process, membrane permeability,
and metabolic stability. However, given the structural and
property similarities between the different chemical series
investigated, we rationalized some of the differences observed
in S. mansoni SAR through modeling and docking studies.
Docking of all9—13 compounds from Tables 1 and 2 (both S-and
R-enantiomers) provided docking scores partially consistent with
the observed SAR in S. mansoni, which suggested a preference for
the —CF; substitution (see Table S3 in SI). A selection of some of
the best performing compounds in the docking studies are
overlaid in Figure 4 (11f, 12a, 12d, and 13b), suggesting crucial
m—n stacking interactions of the phenyl groups with the F39 and
F43 residues, while the carboxyl group of D144 forms a salt bridge
with the pyrrolidine or piperidine nitrogen. Conversely, some

Figure 4. Molecular docking in S. mansoni. Superposition of docking
poses of high scoring compounds 11f (green), 12a (orange), 12d (pink),
and 13b (cyan) in S. mansoni suggesting —CF; aryl groups bind to side
chains of F39 and F43. Protein surface shown in mesh. D144 forms a salt
bridge with protonated nitrogen and hydrogen bond with its hydrogen.

compounds with para substitution, namely, 11e and 11j have also
received similar scores; however, they performed poorly in the S.
mansonikilling assay. The sequence variations in the active site for
S. haematobium and S. japonicum discussed earlier might cause
preferential binding on specific CF;-phenyl analogs like 12a;
however, docking studies on S. haematobium and S. japonicum
were inconclusive. This discrepancy might be rationalized by
limitations of current force field calculations to account for unique
properties of fluorine in small molecule—protein interactions, an
observed phenomenon with extensive literature precedent;”
thus, further structural and binding studies are warranted to
provide insight into these observed species differences.
Compound 12a (Figure S) represents an extremely interesting
compound for further follow up studies due to the demonstrated

F3C

H
"~
HO 12a

Figure S. Structure and physiochemical properties of 12a.

MW: 409.4
LogD: 3.27
tPSA:78.6
HBD: 2
HBA: 5
pKa: 5.90

broad-species activity in killing (S. mansoni, 75%; S. haematobium,
40%; and S. japonicum, 83%) and favorable drug-like
physicochemical properties (Figure 5).**

Compound 12a is profiled and reported herein as a racemic
mixture; however, preparation of the enantiomers and detailed in
vitro and in vivo characterization will be reported in due course.

Our most active analogs were soaked in racemic form into
native S. mansoni sulfotransferase crystals containing PAP;
however, preferential binding of enantiomers (R)-9f and (S)-
11f was observed.>* The structures show that compounds were
able to enter and bind in the active site without major
conformational changes to the unbound enzyme structure. All
compounds are observed in the active site overlapping with the
oxamniquine position (Figure 6). Interestingly, for compound
(8)-11f (Figure 6B), the phenyl ring containing the nitro- and
hydroxymethyl groupsisrotated 180° such that the nitro moiety s

DOI: 10.1021/acsmedchemlett.8000257
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Figure 6. X-ray crystal structures. Derivatives are shown in the SmSULT-
OR crystal structure with solvent-accessible surfaces indicated. (A)
Compound (R)-9f is shown as orange sticks. The solvent-accessible
surface reveals two internal cavities into which additions to the OXA
scaffold could be accommodated (red and blue ovals). (B) SmSULT-OR
compound (S)-11f. (C) Electron density was calculated as a composite
omit map®® for the X-ray crystal structure of the (S)-11f complex
(magenta) with SmSULT-OR. Compound (S)-3 (OXA, yellow) from
the complexwith SmSULT-OR is overlaid for comparison (Protein Data
Bank entry SBYK>®). Although the (S8)-11fnitro group does not overlay
the OXA position, the hydroxymethyl group matches the position
observed with bound OXA (some atoms have been removed for clarity).

in an alternate location in the active site near R17 and N228.
However, this orientation still places the hydroxymethyl moietyin
asimilar alignment to that observed for (S)-3, consistent with the
proposed sulfotransferase mechanism. To clearly depict this
observed difference, Figure 6C shows the crystal structure of the
SmSULT-OR/compound (S)-11f complex (magenta) overlaid
with the (§)-3 (yellow)/SmSULT-OR complex.

We speculate that the alternate orientation for these two
compounds occurs because the crystal structure contains the
sulfate-depleted cosubstrate PAP where the absence of the sulfate
enlarges the binding pocket. When the active cosubstrate 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) is bound, we
expect the sulfate group will repel the alternate nitro position
and the compounds will adopt the previously observed
oxamniquine position. Additional observations in the crystal
structures include a partially ordered (S)-11f molecule bound
nonspecifically between sulfotransferase molecules at crystal
packing interfaces and an oxidized M233 in the active site of the 3
complex structure. The nonspecific binding of compounds at the
crystal packing interfaces appears to be an artifact caused by using
a saturating concentration of the compounds to soak into the
crystals. Oxidation of the methionine likely occurred with crystals
stored at 22 °C over several weeks, while the protection from the
reducingagentincludedin the protein preparation decreased over
time.

As previously mentioned, the design and SAR of these analogs
focused on manipulating the size and electronic nature of the N-
benzyl substituent, along with a flexible amine core that allowed
rotation of the benzyl moiety into the lipophilic pockets not
occupied by 3. Gratifyingly, the crystal structures of SmSULT-OR
of analogs (R)-9f and (S)-11f provide evidence to support our
design hypothesis focused on accessing the lipophilic regions (red
and blue ovals in Figure 2B) not occupied by 3.

In conclusion, anew chemical series of anti-schistosomal agents
hasbeen developed. Structure-based drug design guided by X-ray
crystal structure analysis and SAR data from worm killing assays
produced a number of novel small molecules with killing activity
against S. mansoni, while a small number of analogs also showed
varying levels of additional activity against S. haematobium and S.
japonicum. To our knowledge, compound 12a s the first example
of an oxamniquine derivative active against all three species of
Schistosoma. Our efforts are ongoing to find an analog that is more
active against S. haematobium while maintaining drug-like
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physicochemical properties. We will, in future reports, continue
our exploration of the side chains and central core motifs and
examine the SAR of the nitro group. Ideally, an anti-schistosomal
agent will be obtained that can be used in combination therapy
with 1 to prevent resistance.
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B ABBREVIATIONS

OXA, oxamniquine;; N-Boc, N-fert-butylcarbamate; TBAF,
tetrabutylammonium fluoride;; 1,2-DCE, 1,2-dichloroethane;
DCM, dichloromethane; S.m., S.mansoni; S. h., S. haematobium; S.
j» S. japonicum; SmSULT-OR, S. mansoni sulfotransferase; ND,
not determined.
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