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ABSTRACT: Toxoplasmosis is an infection contracted by exposure to Toxoplasma gondii and
can have deleterious health effects on pregnant women and their children. Current treatments
for the infection are complex and have considerable undesired side effects, raising the need
for new treatments. Herein we report the synthesis, characterisation, and biological testing of
some organometallic derivatives of the commercially available, broad spectrum antiparasitic,
decoquinate (DCQ). The cyclic secondary amine of decoquinate was functionalised with a
range of groups (i.e., ferrocene, ruthenocene and phenyl) with either methyl or vinyl bridges.
Through measurement of half maximal inhibitory concentrations (ICsq) and T. gondii
proliferation assays, it was found that ferrocenylvinyl-DCQ and an oxygen-alkylated
phenylvinyl-DCQ side product reduced proliferation of the parasite by 84% at 1 pM, which
approached that of the parent drug (96%). These data provide a possible roadmap for future
investigations on the derivatisation of DCQ to yield better treatments for toxoplasmosis,

particularly the functionalisation of the cyclic ketone.
INTRODUCTION

Toxoplasma gondii is an obligate intracellular parasitic one-celled eukaryote (specifically an

apicomplexan) that causes the infectious disease toxoplasmosis. This parasite is capable of



infecting any warm-blooded mammal.'2 In humans, toxoplasmosis can arise from contact with
the parasite via raw or undercooked meat, unwashed vegetables and fruits or consumption of
contaminated water. Some patients show no symptoms when infected while others develop
flu-like symptoms including fever, aching muscles, fatigue, and swollen glands. Infected
pregnancy cases can lead to miscarriage and serious complications, while patients with weak
immune systems can have their eyes or brain affected, leading to issues with balance and

coordination, seizures, lung problems and blurry vision.

First-line treatment of toxoplasmosis involves combination therapy with pyrimethamine and
sulfadiazine or clindamycin. Pyrimethamine has high toxic side effects on bone marrow, which
is mitigated by co-administration of leucovorin (folinic acid). Pyrimethamine is also teratogenic,
and so affected patients in their first trimester of pregnancy are given spiramycin instead which
has moderate effectiveness for reducing congenital transmission. Due to the toxic side effects
of current treatments, complicated administration regimes, and decreased effectiveness of
alternative treatments, there is a need to develop new effective T. gondii antiparasitic drugs

with reduced side effects and simpler dose profiles.>*

Decoquinate (DCQ) is a broad-spectrum anti-parasitic drug. It has known activity against
coccidia, toxoplasma, cryptosporidia and neospora. It is nontoxic, and it is commercially
available (Deccox®) in formulations for long-term oral administration as a feed additive in
suspension, powder or capsule form. DCQ works effectively as a preventive treatment for
coccidiosis in ruminants and poultry. After absorption, DCQ is rapidly eliminated via bile and
faeces and to a lesser extent also in the urine. Its target tissues are skin and fat, and metabolic

equilibrium in these tissues is reached after 3 days.®

The mechanistic activity of DCQ in the Toxoplasma parasite has been studied® as well as with
Plasmodium.”® Available reports screening DCQ with Plasmodium showed that DCQ
interrupts the parasite life cycle via inhibition of electron transport in mitochondria, by docking
within the ubiquinol-binding pocket in cytochrome B.%'© What is more interesting is that
docking can still occur within the resistant form of the protein given that the resistance-
conferring mutation at the residues of Ala122 and Tyr126 are not involved in binding DCQ.
Rather, the residues binding to DCQ are conserved. Reports exploring biological activity of
organic derivatives of DCQ by Beteck et al. also showed that the long C10 alkyl chain was key

to selectivity (Figure 1).1".12
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Figure 1. Superposition of DCQ (green) and atovoquone (yellow)
with cytochrome b subunit of bovine cytochrome bc; complex co-
crystallised with stigmatellin A (grey, PDB ID = 1SQX). Figure
adapted from reference'® with permission from ACS. Components
of DCQ throught to be important in selectivity are highlighted on
the structure in yellow.

The rationale behind synthesising ferrocenyl analogues of DCQ stems from previously
published studies by Jaouen, Biot and co-workers, which showed that ferrocenyl analogues
of tamoxifen and chloroquine had improved bioactivities compared to the original parent
compounds.’3-16 Further studies showed that the ferrocenyl component made a difference by
producing reactive oxygen species, increasing lipophilicity of the molecule, and provided
additional mechanisms of action to that of the original drug.'”-2? At our end, we have, over the
past years, used this strategy to unveil novel lead compounds against different parasitic

diseases such as schistosomiasis or fungal agents.3.16.23.24
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Figure 2. Structures of synthesised DCQ derivatives.
Ferrocenylmethyl (FcMDCQ) and vinyl (FcVDCQ);
ruthenocenylmethyl (ReMDCQ) and vinyl (RcVDCQ);
phenylmethyl (PhMDCQ) and vinyl (PhVDCQ). For underivatized




With this in mind, we have synthesised and characterised analogues of DCQ, containing
ferrocenyl moieties. In addition to this, ruthenocenyl and benzyl derivatives were also
synthesised. The rationale for their inclusion in the series was to help elucidate possible
mechanisms of action. Ruthenocene lacks the redox activity of ferrocene while the phenyl
derivatives lack a metal centre but is aromatic. We hypothesise having the ferrocenyl moiety
would improve activity compared to the parent compound (Figure 2). An additional O-alkylated

derivative was isolated and subjected to biological testing (Figure 3).
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Figure 3. Additional O-alkylated derivative isolated from synthesis
of phenylvinyl-DCQ adduct (O-PhVDCQ).

RESULTS AND DISCUSSION

Synthesis of DCQ derivatives. Compounds were prepared by direct treatment of DCQ with
(ferrocenylmethyl)  trimethylammonium  iodide, benzyltrimethylammonium  iodide,
(ruthenocenylmethyl)-trimethylammonium iodide, (2-ferrocenylvinyl)methyl
trimethylammonium iodide, (2-phenylvinyl)methyl trimethylammonium iodide, and (2-
ruthenocenylvinyl)methyl trimethylammonium, respectively, with KoCOs in acetonitrile. All
newly synthesized compounds were unambiguously characterized by 'H, '3C NMR
spectroscopy, IR spectroscopy and ESI mass spectrometry (Figures S4-S10). The purity of

individual compounds was confirmed by microanalysis.



Figure 4. X-ray crystallography structures of (A) FeMDCQ, and
(B) O-PhVDCQ.

Solid-state crystal structures of some DCQ derivatives, and unreported starting material were
collected, further validating the desired structures (Figure 4 and S3). The unexpected product,

O-PhVDCQ, was identified through crystallisation and X-ray analysis and "H NMR.

X-ray crystallography. The crystal structures of two DCQ derivatives were determined by
single crystal X-ray diffraction studies: the ferrocenylmethyl-DCQ (FcMDCQ) and the O-(2-
phenylvinyl)methyl-DCQ (O-PhVDCQ) compounds (Figure 4). In the structure of FcMDCQ,
the DCQ molecule is coordinated to the ferrocenylmethyl moiety through the nitrogen atom.
The nitrogen atom exhibits a trigonal-planar geometry with three N—C bond distances of
1.346(5) and 1.399(5) A in the pyridine ring and 1.489(6) A in coordination with the metal
fragment. In para-position, the C—O bond distance of 1.246(5) A indicates the presence of a
double C=0 bond and confirms the quinolone form of the DCQ (two double bonds in the
pyridine ring). In the structure of the O-alkylated DCQ derivative O-PhVDCQ, the nitrogen is
unsubstituted, the N—C bond distances within the pyridine ring are significantly shorter than
those in FcMDCQ (1.315(4) vs. 1.346(5) and 1.370(3) vs. 1.399(5) A, respectively) and in



para-position the C—O bond distance of 1.364(3) A indicates the presence of a single C—O
bond, due to the coordination of the phenylvinylgroup on the oxygen atom. As expected, the
O-alkylated DCQ derivative exhibits an aromatic heterocyclic ring with three delocalised
double bonds. It is worth to note that, except the phenylvinyl group which is oriented
perpendicular to the central rings as shown by the C4-C5-O3-C13 torsion angle of 82.9(1)°,
the entire molecule of O-PhVDCAQ is almost planar. Indeed, even the long and flexible decyl
group in its regular all-trans-torsional arrangement is almost coplanar with the quinoline rings,
the dihedral angle between the mean planes of the corresponding atoms being 15.3(1)°. To
the opposite, in FcMDCQ the decyl group is not as linearly arranged as in O-PhVDCQ and is
oriented nearly perpendicular to the central rings (the dihedral angle between the mean planes
of the corresponding atoms is 70.2(2)°). Nevertheless, the relative orientation of this long alkyl
chain is only a consequence of the geometrical arrangement of the molecules at close contact
in the crystals. Thereby, several types of intermolecular interactions are evidenced in the
structures: a) T—11 stackings involving the pyridine units, C--H--- 11 interactions between the
decyl ligand and the cyclopentadienyl ringr, and weak O—H---O and C--H---O hydrogen bonds
involving the isolated water molecules in FcMDCQ, b) m— stackings involving the central
rings, and weak C--H---:O hydrogen bonds involving the phenylvinyl group and one of the

carboxylic oxygen atom in O-PhVDCQ.
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Figure 5. Clustered column chart showing in vitro activities at 1 uM of DCQ and derivatives on HFF viability (red) and 7. gondii [3-gal
proliferation (blue). Control HFF cells and T. gondii B-gal tachyzoites treated with 0.1% DMSO were attributed 100% viability, and
proliferation, respectively. For each assay, standard deviations were calculated from triplicates and are displayed on the plot.



In vitro bioassays. The 7 compounds together with decoquinate were screened for biological
activity in vitro against T. gondii $-gal, a transgenic strain that constitutively expresses [3-
galactosidase, which is grown in human foreskin fibroblasts (HFF) monolayers. The effects on
uninfected HFF host cells were assessed as well. For the primary screening, cell cultures were
exposed during 3 days to 1 and 0.1 uM of each compound, including the reference compound
decoquinate. The viability of HFF cultures following drug treatments was measured by Alamar
Blue assay, and the proliferation of T. gondii was quantified by measuring p-galactosidase
activity. The results of this primary screening are presented as percentage in relation to
untreated control cultures in Table S1. The results obtained at concentration of 1 uM of tested
compound for T. gondii and HFF are presented in Figure 5, in relation to controls (CTR),
namely HFF treated with 0.1 % DMSO exhibiting 100 % viability, and T. gondii B-gal
tachyzoites treated with 0.1 % DMSO showing 100 % proliferation. DCQ is active at both
concentrations against T. gondii 3-gal proliferation, and, like all other compounds tested, does
not show toxicity to the host cells, as well as all the other compounds tested. In terms of
antiparasitic activities, the DCQ derivatives did not have a notable activity against T. gondii in
vitro at a concentration of 0.1 uM (Figure S2). However, at 1 uM, three compounds had
significant activity, namely, RcMDCQ, O-PhVDCQ and FcVDCQ, which reduced the parasite
proliferation by 82%, 86%, and 86%, respectively, approaching the efficacy of the parent
decoquinate (96%). N-PhVDCQ and RcVDCQ showed minimal inhibitory activity, reducing
proliferation by ~15% while PhMDCQ and FcMDCQ, with the shorter CH2 linkage showed

moderate activity with parasite reduction of ~30% and 60%, respectively.

ICso values were determined for all compounds, including undervatised DCQ (Table 1). Values
were not obtained for PhAMDCQ, FcMDCQ and RcVDCQ as the dose-response curves did not
plateau at zero viability before reaching 2.5 pM. ICs values for ReMDCQ and the N- and O-
PhVDCQ derivatives ranged from 0.6 to 0.7 pM, while that of FcVDCQ was two-fold higher
(1.4 uM). No derivatives reached the ICs, value of underivatized DCQ, which was determined
to be 0.0024 pM. Increased efficacy of O-alkylated DCQ derivatives relative to DCQ alone has
been studied previously, with O-carbamate derivatives reaching nanomolar ICs, values.?

Such organometallic derivatives could be of interest in the future.



Table 1: Inhibitory concentration (IC50) value (uM) on T. gondii B-gal and effect at 2.5 uM on HFFs viability of DCQ. (a)
values at 95% confidence interval; upper limit (LS), lower limit (LI).

Compound ICso [LS; LI] HFF viability

(M) (a) at 2.5 uyM
DCQ 0.0024 [0.003; No
0.0004] compounds
PhMDCQ  >25 - affected
viability at
FcMDCQ >2.5 - 2.5uM

ReMDCQ 0.7  [0.5;1.0]
N-PhVDCQ 06  [0.3;0.9]
O-PhVDCQ 06  [0.4;0.8]

FcVDCQ 14 [1.1;1.7]

RcvDCQ >2.5 -

CONCLUSIONS

Functionalisation of the commercially available, broad spectrum anti-parasitic drug,
decoquinate was successful, as confirmed by exhaustive characterisation. However,
biological evaluation of these derivatives revealed that substitution of the cyclic secondary
amine by organometallic or aromatic groups reduced the drug’s efficacy against T. gondii.
Despite this, some promising effects arose from substitution with ferrocenyl vinyl, and
ruthenocenyl methyl groups, with 86%, and 82% reduction in proliferation of the parasite,
respectively, when treated at 1 uM. Of interest was the significant efficacy of the O-alkylated
O-PhVDCQ derivative, potentially opening a new avenue of investigation in the pursuit of an
effective organometallic derivative of DCQ. Substitution of groups onto the cyclic ketone may

yield improved efficacy, as has been reported elsewhere.?

EXPERIMENTAL SECTION

Ferrocenylmethyl-DCQ (FcMDCQ). Under an inert atmosphere, DCQ (100 mg, 0.239 mmol)
and KxCOs; (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). A solution of

(ferrocenylmethyl) trimethylammonium iodide (110 mg, 0.287 mmol) in acetonitrile (10 mL)



was added, dropwise via a cannula, to the suspension and heated at reflux overnight. Volatiles
were removed and the residue purified by flash column (3:1 ethyl acetate/hexane to neat ethyl
acetate). FECMDCQ was isolated as an orange solid (59 mg, 40%). '"H NMR (400 MHz, CDCls):
08.51 (s, 1H), 7.87 (s, 1H), 6.83 (s, 1H), 5.05 (s, 2H), 4.35 (q, J = 7.2 Hz, 2H), 4.22-4.18 (m,
9H), 4.15-4.08 (m, 4H), 1.88-1.80 (m, 4H), 1.48 (t, J = 7.0 Hz, 3H), 1.39 (t, J = 7.1 Hz, 3H),
1.26-1.23 (m, 12H), 0.89-0.85 (t, J = 7.2 Hz, 3H) ppm. "*C NMR (101 MHz, CDCls): 173.48,
166.2, 153.0, 147.67, 147.3, 134.2, 123.3, 110.0, 108.4, 99.3, 81.5, 69.1, 68.9, 68.4, 65.0,
60.7, 53.6, 31.9, 29.6, 29.5, 29.4, 29.3, 28.9, 26.0, 22.7, 14.6, 14.4, 14.1 ppm. Molecular wt:
615.59 g.mol'. +ESI 199.2 [FcCH2]+, 616.8 [M+H]+, 638.8 [M+Na]+, 654.8 [M+K]+. Elemental
analysis: Cs3HssFeNOs + 1.5 H.O Calculated C 64.61, H 7.33, N 2.15; Found C 64.46, H 7.23,
N 2.03.

Ruthenocenylmethyl-DCQ (RcMDCQ). Under an inert atmosphere, DCQ (100 mg, 0.239
mmol) and K2CO3 (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). A solution of
(ruthenocenylmethyl) trimethylammonium iodide (123 mg, 0.287 mmol) in acetonitrile (10 mL)
was added, dropwise via a cannula, to the suspension and heated at reflux overnight. Volatiles
were removed and the residue purified by flash column (3:1 ethyl acetate/hexane to neat ethyl
acetate). (2-Ruthenocenylvinyl)methyl-DCQ was isolated as a pale brown solid (42.5 mg,
27%). "H NMR (400 MHz, CDCls): 68.45 (s, 1H), 7.89 (s, 1H), 6.84 (s, 1H), 4.90 (s, 2H), 4.55-
4.53 (m,7H), 4.51-4.50 (m, 2H), 4.39 (q, J = 7.1 Hz, 2H), 4.17-4.10 (m, 4H), 1.89-1.82 (m, 2H),
1.50 (t, J = 6.8 Hz, 3H), 1.41 (t, J = 7.0 Hz, 3H) 1.35-1.27 (m, 12H), 0.87 (t, J = 7.2 Hz, 3H)
ppm. 3C NMR (101 MHz, CDCls): & 173.6, 166.3, 153.2, 148.0, 147.8, 134.4, 123.4, 1101,
108.6, 99.3, 86.6, 71.5, 70.6, 70.3, 69.3, 65.2, 60.9, 52.9, 32.0, 29.7, 29.7, 29.5, 29.4, 29.0,
26.1,22.8,14.7,14.6, 14.2 ppm. Molecular wt 660.82 g.mol-". HRMS (ESI) m/z: [M+H]+ Calcd
for CssHisNOsRuH 662.2414. Found 662.2427; (Error: 2.0 ppm). Elemental analysis:
C35H4sNOsRu + 1 H2O Calculated C 61.93, H 6.98, N 2.06; Found C 61.23, H 7.01, N 2.03.

Phenylmethyl-DCQ (PhMDCQ). Under an inert atmosphere, DCQ (100 mg, 0.239 mmol) and
K2COs3 (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). A solution of benzyl
trimethylammonium iodide (80 mg, 0.287 mmol) in acetonitrile (10 mL) was added, dropwise
via a cannula, to the suspension and heated at reflux overnight. Volatiles were removed and
the residue purified by flash column (3:1 ethyl acetate/hexane to neat ethyl acetate). PhAMDCQ
was isolated as a white solid (69.1 mg, 57%). '"H NMR (400 MHz, CDCls): 58.54 (s, 1H), 7.89
(s, 1H), 7.41-7.28 (m, 3H), 7.22-7.09 (m, 2H), 6.62 (s, 1H), 5.34 (s, 2H), 4.40 (q, J = 7.1 Hz,
2H), 4.10 (t, J = 6.8 Hz, 3H), 3.91 (q, J = 7.0 Hz, 2H), 1.83 (p, /= 6.9 Hz, 2H), 1.43 (t, J = 7.1
Hz, 3H), 1.38-1.23 (m, 16H), 0.87 (t, J=7.0 Hz, 3H) ppm. '*C NMR (101 MHz, CDCls): 5173.7,
166.5, 153.0, 148.4, 147.8, 134.7, 134.3, 129.6, 128.8, 126.2, 123.7, 110.7, 108.5, 99.9, 69.3,
64.8,61.0, 58.1, 32.0, 29.9, 29.7, 29.7, 29.5, 29.5, 29.0, 26.1, 22.8, 14.6, 14.4, 14.3, 1.2 ppm.



Molecular wt: 507.67 g.mol'. HRMS (ESI) m/z: [M+H]+ Calcd for C31H41NOsH 508.3057.
Found 508.3063; (Error: 1.1 ppm). Elemental analysis: C31H41NOs.H,O Calculated C 70.83, H
8.25, N 2.66; Found C 71.20, H 7.97, N 2.59.

(2-Ferrocenylvinyllmethyl-DCQ (FcVDCQ). Under an inert atmosphere, DCQ (100 mg, 0.239
mmol) and K2CO3 (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). A solution of
(ferrocenylvinyl)methyl trimethylammonium iodide (118 mg, 0.287 mmol) in acetonitrile (10
mL) was added, dropwise via a cannula, to the suspension and the mixture heated at reflux
overnight. Volatiles were removed and the residue purified by flash column (3:1 ethyl
acetate/hexane to neat ethyl acetate). FcVDCQ was isolated as an orange solid (63 mg, 41%).
"H NMR (400 MHz, CDCls): 88.43 (s, 1H), 7.91 (s, 1H), 6.82 (s, 1H), 6.31 (d, J = 15.8 Hz, 1H),
5.87 (dt, J = 15.7, 5.6 Hz, 1H), 4.73 (dd, J = 5.6, 1.6 Hz, 2H), 4.39 (q, J = 7.2 Hz, 2H), 4.29 (t,
J=19Hz 2H),4.23 (t, J = 1.8 Hz, 2H), 4.17 (q, J = 7.0 Hz, 2H), 4.11 (t, J = 6.8 Hz, 2H), 4.03
(s, 5H), 1.84 (p, = 6.9 Hz, 2H), 1.50 (t, J = 7.0 Hz, 3H), 1.41 (t, J = 7.1 Hz, 3H), 1.37 - 1.12
(m, 14H), 0.87 (t, J = 7.1, 6.7 Hz, 2H) ppm. *C NMR (101 MHz, CDCls): 5173.7, 166.5, 153.2,
147.9,147.4,134.4,133.3, 123.7, 118.2, 110.6, 108.7, 99.6, 81.0, 69.5, 69.3, 67.1, 65.2, 60.0,
55.9, 32.0, 29.7, 29.7, 29.5, 29.5, 29.0, 26.1, 22.8, 14.8, 14.6, 14.3 ppm. Molecular wt: 641.63
g.mol'. HRMS (ESI) m/z: [M]+ Calcd for Cs7H47FeNOsH 642.2876. Found 642.2875; (Error: -
0.2 ppm). Elemental analysis: Cs7H47FeNOs + 0.5 H,O Calculated C 67.47, H 7.35, N 2.13;
Found C 67.75, H 7.66, N 2.22.

(2-Ruthenocenylvinyl)methyl-DCQ (RcVDCQ). Under an inert atmosphere, DCQ (100 mg,
0.239 mmol) and K2COs3 (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). To the
suspension was added, dropwise via a cannula, a solution of (2-ruthenocenylvinyl)methyl
trimethylammonium iodide (131 mg, 0.287 mmol) in acetonitrile (10 mL) and the mixture
heated at reflux overnight. Volatiles were removed and the residue purified by flash column
(3:1 ethyl acetate/hexane to neat ethyl acetate). RcVDCQ was isolated as a pale brown solid
(27 mg, 16%). '"H NMR (400 MHz, CDCls): 68.38 (s, 1H), 7.90 (s, 1H), 6.77 (s, 1H), 6.18 (d, J
=15.8 Hz, 1H), 5.82 (dt, J= 15.7, 5.6 Hz, 1H), 4.68 (t, J= 1.5 Hz, 3H), 4.56 (t, J = 1.7 Hz, 2H),
4.42 (s, 5H), 4.39 (q, J = 7.2 Hz, 2H), 4.21-4.02 (m, 4H), 1.85 (p, J = 6.9 Hz, 2H), 1.52 (t, J =
7.0 Hz, 3H), 1.41 (t, J = 7.1 Hz, 3H), 1.38 — 1.17 (m, 14H), 0.87 (t, J = 6.7 Hz, 3H) ppm. '3C
NMR (101 MHz, CDCls): 6173.7, 166.5, 153.2, 147.9, 147.4, 134.4, 132.4, 123.6, 118.0,
110.6, 108.6, 99.6, 85.0, 71.3, 71.2, 65.2, 61.0, 55.8, 32.0, 29.8, 29.7, 29.7, 29.5, 29.5, 29.0,
26.1, 22.8, 14.8, 14.6, 14.3 ppm. Molecular wt: 686.86 g.mol-'. HRMS (ESI) m/z: [M]+ Calcd
for Cs7H47NOsRuH 688.2570. Found 688.2588; (Error: 2.5 ppm). Elemental analysis:
Cs7H47NOsRu Calculated C 64.70 H 6.90 N 2.04; Found C 64.77, H 7.27, N 2.22.



N-(2-Phenylvinyl)methyl-DCQ (N-PhVDCQ). Under an inert atmosphere, DCQ (100 mg, 0.239
mmol) and K>COs (99 mg, 0.718 mmol) were stirred in dry acetonitrile (60 mL). To the
suspension was added, dropwise via a cannula, a solution of (2-phenylvinyl)methyl bromide
(57 mg, 0.287 mmol) in acetonitrile (10 mL) and the mixture heated at reflux overnight.
Volatiles were removed and the residue purified by flash column (3:1 ethyl acetate/hexane to
neat ethyl acetate). N-PhVDCQ was isolated as a white solid (55 mg, 28%). '"H NMR (400
MHz, CDCls): 68.45 (s, 1H), 7.89 (s, 1H), 7.32-7.28 (m, 5H), 6.84 (s, 1H), 6.56-6.52 (d, J =
16.0 Hz, 1H), 6.30 (dt, J = 16.0, 5.5 Hz, 1H), 4.91 (dd, J = 5.6, 1.7 Hz, 2H), 4.37 (q, J = 7.1
Hz. 2H), 4.12 (m, 4H), 1.88-1.81 (m, 2H), 1.45 (t, J = 7.1 Hz, 3H), 1.40 (t, J = 7.1 Hz, 3H),
1.32-1.25 (m, 14H), 0.87 (m, 3H) ppm. *C NMR (101 MHz, CDCls): 5173.7, 172.8, 166.3,
153.3, 147.9, 147.6, 135.3, 134.5, 134.4, 128.9, 128.8, 126.7, 123.5, 121.8, 110.6, 108.5,
99.4, 69.3, 65.1, 60.9, 56.0, 32.0, 29.7, 29.6, 29.5, 29.4, 29.0, 26.1, 22.8, 22.7, 14.6, 14.5,
14.2 ppm. Molecular wt: 533.71 g.mol"'. HRMS (ESI) m/z: [M]+ Calcd for Cs3Hs3sNOsH
534.3214. Found 534.3212; (Error: -0.4 ppm). Elemental analysis: Cs3H4sNOs + 1 H2O
Calculated C 71.84, H 8.22, N 2.54; Found C 71.09, H 8.43, N 2.23.

O-(2-Phenylvinyl)methyl-DCQ (O-PhVDCQ). Under an inert atmosphere, DCQ (150 mg, 0.36
mmol) and K>CO3 (149 mg, 1.08 mmol) were stirred in dry acetonitrile (150 mL). To the
suspension, cinnamyl bromide (106 mg, 0.54 mmol) was added and the reaction mixture was
heated at reflux overnight. Upon cooling to RT, the mixture was filtered and volatiles removed
in vacuo and the residue purified by column chromatography (hexane ethyl acetate). O-
PhVDCQ was obtained as a white solid (8 mg, 4%). '"H NMR (400 MHz, CDCls): §9.08 (s, 1H),
7.49 (s, 1H), 7.42-7.37 (m, 3H), 7.36-7.30 (m, 2H), 7.29-7.25 (m, 1H), 6.76 (d, J = 15.9 Hz,
1H), 6.51 (dt, J = 15.9, 6.4 Hz, 1H), 4.90 (dd, J = 6.4, 1.3 Hz, 2H), 4.64 (q, J = 7.1 Hz, 2H),
4.25(q, J = 7.0 Hz, 2H), 4.05 (t, J = 6.8 Hz, 2H), 1.54 (t, J = 7.0 Hz, 3H), 1.44 (t, J = 7.2 Hz,
3H), 1.41-1.20 (m, 16H), 0.88 (t, J = 6.85 Hz, 3H) ppm. 3C NMR (101 MHz, CDCls): 6 165.4,
162.8, 154.1, 150.4, 150.0, 149.0, 136.3, 134.3, 128.8, 128.4, 126.8, 124.3, 119.0, 113.6,
108.9, 102.3, 69.4, 64.7, 61.4, 32.1, 29.71, 29.67, 29.5, 29.0, 14.6, 14.5, 14.3 ppm. Molecular
wt: 533.71 g mol~'. HRMS (ESI) m/z: [M]+ Calcd for C33H43sNOsH 534.3210. Found 534.3214;
(Error: -0.7 ppm). Elemental analysis: C33H4sNOs Calculated C 73.91, H 8.47, N 2.61; Found
C 74.30, H 8.28, N 2.63.

X-ray crystallography. All single crystal X-ray diffraction studies were performed at 160(1) K
on a Rigaku Oxford Diffraction Synergy-Pilatus diffractometer using the copper X-ray radiation
(I = 1.54184 A) from a dual wavelength X-ray source and an Oxford Instruments Cryojet XL
cooler. The provided single crystals were covered with a polybutene oil, selected and mounted
on a loop fixed on a goniometer head. Pre-experiments, data collections, data reductions and

analytical absorption corrections?® were performed with the program suite CrysAlisPro.?¢ Using



Olex2,%" the structures were solved with the SHELXT?® small molecule structure solution
program and refined with the SHELXL program package®® by full-matrix least-squares
minimization on F2. PLATON®® was used to check the result of the X-ray analyses. The crystal
data collections and structure refinement parameters are shown in Tables S2 — S4 . CCDC
2035352 (for FcMDCQ), 2159223 (for O-PhVDCQ) and 2159224 (for (2-
ruthenocenylvinyl)methyl  trimethylammonium iodide) contain the supplementary
crystallographic data for these compounds, and can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. In the

crystal structure of FcMDCAQ, the terminal CH>CH3 group was disordered over two sets of

positions refined with site-occupancy factors of 0.157(8) and 0.843(8).

In vitro culture of parasites and host cells. If not otherwise stated, tissue culture media
were purchased from Gibco-BRL and biochemical reagents from Sigma-Aldrich. Human
foreskin fibroblasts (HFF) were maintained in DMEM cell culture media containing 10% fetal
calf serum (FCS; Gibco-BRL) and antibiotics as described.?' T. gondii B-gal strain (transgenic
T. gondii RH expressing the -galactosidase gene from E. coli)®*? were maintained in HFF cells

and isolated from their host cells as previously described.?'

In vitro assessment of drug efficacy against T. gondii and host cells. To study the effects
of compounds against T. gondii tachyzoites in vitro, 1 mM stock solutions of compounds were
prepared in DMSO, and stored at —20 °C. For assessment of drug efficacy against T. gondii
tachyzoites, parasites were isolated, and assays were performed using HFF as host cells as
previously described.?' 5x103 HFF cells were grown to confluence in 96-well plates in phenol-
red free culture medium at 37 °C with 5 % CO.. Cultures were infected with freshly isolated T.
gondii B-gal tachyzoites (1x102 per well), and drugs were added concomitantly with infection.
Initial assessments of drug efficacy were done by exposing parasite cultures to 0.1 and 1 uM
of each compound for a period of three days, or 0.1 % DMSO was added as a control. For ICs
determination, decoquinate was added at 7 concentrations: 0.000001, 0.00001, 0.0001,
0.001, 0.01, 0.1, and 1 uM. After three days of incubation at 37 °C, 5% CO,, medium was
removed, and cell cultures were permeabilized by using 90 uL PBS containing 0.05 % Triton-
X-100. After addition of 10 yL of 5 mM chlorophenol red-B-d-galactopyranoside (CPRG;
Roche Diagnostics) dissolved in PBS, the absorption shift was measured at 570 nm
wavelength at various time points on a VersaMax multiplate reader (Bucher Biotec, Basel,
Switzerland). For the initial screening at 0.1 and 1 uM, the activity, measured as the release
of chlorophenol red over time, was calculated as percentage from DMSO control, which
represented 100 % of T. gondii B-gal growth. For the ICso assays, the activity measured as the
release of chlorophenol red over time was proportional to the number of live parasites down

to 50% per well. ICso values were calculated after the logit-log-transformation of relative growth


http://www.ccdc.cam.ac.uk/data_request/cif

and subsequent regression analysis. All calculations were performed using the corresponding
software tool contained in the Excel software package (Microsoft). Cytotoxicity assays on
uninfected confluent HFF were performed also in 96 well plates by exposing HFF to a
concentration range of 0.1, 1, and for decoquinate also 2.5 uM and assessment of the viability

by Alamar Blue assay.*

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website.
Additional data, crystallographic structures and tables (PDF)

AUTHOR INFORMATION

Corresponding Authors

*Andrew Hemphill — Institute of Parasitology, Vetsuisse Faculty, University of Berne,
Langgass-Strasse 122, CH-3012 Berne, Switzerland; ORCID: 0000-0002-0622-2128; email:

andrew.hemphill@vetsuisse.unibe.ch

*Gilles Gasser — Chimie ParisTech, PSL, CNRS, Institute of Chemistry for Life and Health
Sciences, Laboratory for Inorganic Chemical Biology, 75005 Paris, France; ORCID: 0000-
0002-4244-5097; email: gilles.gasser@chimieparistech.psl.eu; WWW:

www.gassergroup.com

Author Contributions

The manuscript was written through contributions of all authors. All authors have given

approval to the final version of the manuscript.
IThese authors contributed equally.
Funding Sources

This work was financially supported by the Swiss National Science Foundation (Grant Sinergia
CRSII5 173718 to G.G. and A.H.; 310030_184662 to A.H.), an ERC Consolidator Grant
PhotoMedMet to G.G. (GA 681679) and has received support under the program
Investissements d’Avenir launched by the French Government and implemented by the ANR
with the reference ANR-10-IDEX-0001-02 PSL (G.G.). It was further supported by a Feodor
Lynen Research Fellowship from the Alexander von Humboldt Foundation (S.K.) as well as
an Early Postdoc. Mobility Fellowship from the Swiss National Science Foundation (S.K.,
Grant P2 BSP2_181760).


mailto:andrew.hemphill@vetsuisse.unibe.ch
mailto:gilles.gasser@chimieparistech.psl.euW
http://www.gassergroup.com/

Notes
The authors declare no competing financial interests. Use of copyrighted material from Figure
3C of ACS Chem. Biol., 2011, 6, 11, 1214-1222 (https://pubs.acs.org/doi/10.1021/cb200105d)

adapted for Figure 1 of this publication was approved by ACS. Further permissions related to

the material excerpted should be directed to the ACS.
ABBREVIATIONS
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HFF, human foreskin fibroblasts; CTR, control; half maximal inhibitory concentration, |1Cso.
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