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ARTICLE INFO ABSTRACT

Keywords: The ionotropic portfolio of parasitic flatworms affords considerable opportunity for development of new an-
Transient receptor potential channel thelmintics. In this regard, transient receptor potential ion channels (TRP channels), cation channels responsive
Benzodiazepine to various physiochemical cues, have emerged as promising druggable targets. This is based on the recent discov-
E;I:;to”r‘:s ery that two members of a TRP channel subfamily (TRP melastatin or TRPM channels) are selectively activated

by the clinical drug praziquantel (TRPMpyq), or the anthelmintic benzodiazepine meclonazepam (TRPMyc; ).
Here, the efficacy of meclonazepam was investigated in a trematode (the liver fluke, Fasciola hepatica) and a ces-
tode (Echinococcus multilocularis) model, in which an observed lack of meclonazepam sensitivity correlated with
the lack of efficacy of meclonazepam on TRPM,¢; 7 in these different parasites. Such correlations support assign-
ment of TRPMy,c;; as the meclonazepam target. Bioinformatic analysis of all available parasitic flatworm
genomes allowed prediction of the meclonazepam binding pocket in over sixty different TRPMy¢;7 orthologs.
Mutagenesis and functional profiling analyses highlighted the importance of a key residue in the S4 transmem-
brane helix of TRPM,; ; that impacts meclonazepam potency and efficacy. Variation of this residue and overall
binding pocket architecture between different parasitic flatworm TRPMy,¢;; orthologs restricts meclonazepam
action to a subset of schistosome species.

1. Introduction

Transient receptor potential ion channels of the melastatin subfam-
ily (TRPM) have emerged as promising targets for anthelmintics
(Sprague et al., 2024). This interest is based upon the discovery of two
different flatworm TRPM channels that are activated by the antipara-
sitic drug praziquantel (PZQ, with the target named TRPMp;q (Andrews
et al., 1983; Park et al., 2019),), or the anthelmintic benzodiazepine
meclonazepam (MCLZ, with the target named TRPMy, (Stohler,
1979; Park et al., 2024),). Both these ligands have long recognized an-
thelmintic activity, with PZQ being deployed for decades as the treat-

ment for schistosomiasis as well other clinical and veterinary diseases
caused by parasitic flatworms (Andrews et al., 1983). The targets of
PZQ and MCLZ that underpin their antiparasitic action had remained a
mystery until the recent identification of TRPMp;o and TRPMy;
(Sprague et al., 2024).

For TRPMp;o, unmasked as a PZQ target in 2019 (Park et al., 2019),
evidence supporting correct target validation has accumulated through
efforts to define the basic properties of the channel in vitro, the pheno-
typic effects of other TRPMp;, modulators, and genetic studies that
demonstrated an association with lower parasite sensitivity to PZQ (re-
viewed by (Marchant, 2024)). Target validation has also been sup-
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Fig. 1. Phylogeny of flatworm TRP channels and activity of (S)-MCLZ versus S. mansoni worms and the target ion channel, TRPMy,¢;;. (A) Phylogenetic
analysis of predicted TRP channels from flatworm species across different classes of parasites. Flatworm sequences used in this tree are provided in Supplemental
Dataset 1. Shapes represent different parasite species: Schistosoma mansoni (open circle), Schistosoma haematobium (open square), Schistosoma japonicum (open tri-
angle), Fasciola hepatica (solid circle), Fasciola gigantica (solid square), Clonorchis sinensis (left, solid triangle), Paragonimus westermani (right, grey triangle),
Echinococcus multilocularis (grey square), Taenia solium (grey circle). Colors represent different TRP subfamilies, with the TRP channels, TRPMy;¢;; (Smp_333650)
and TRPMp;q (Smp_246790) highlighted. TRPMy;; clusters within a clade next to the other TRPM orthologs. Several aspects of the full length TRPMy¢;; se-
quence diverge from conventional TRPM architecture (Sprague et al., 2024), notably the presence of N-terminal ankyrin repeat domains, so this group could be
referred to as ‘“TRPM-like’ given clustering proximal to the other TRPM sequences. (B) Left, representative image stills showing adult S. mansoni worms before
(top) and after (bottom) treatment with (S)-MCLZ (1 uM, 20 min post treatment). Scale bar represents 2 mm. Right, concentration response curves comparing
the inhibition of (S)-MCLZ on worm motility (blue) with (S)-MCLZ activation of Sm. TRPMy¢;; (red).

<

ported from studies of TRPMy;, orthologs in different parasitic flat-
worms. TRPM;o must be present in parasitic flatworms that respond to
PZQ, and there should likely be a correlation between the PZQ sensitiv-
ity of a parasite and the PZQ sensitivity of the TRPMp;q ortholog within
that species (Rohr et al., 2023). Indeed, it has been shown that in infec-
tions that are clinically resolved by PZQ, the TRPMp;, orthologs of
these parasitic flatworms display high sensitivity to PZQ (Rohr et al.,
2023; Sprague et al., 2023a). However, in infections that require higher
doses of PZQ, these parasites harbor TRPMy,, orthologs with lower
PZQ sensitivity (Rohr et al., 2023). The starkest correlation derived
from studies of Fasciola spp. liver fluke, which are insensitive to PZQ.
Fasciola spp. TRPMjp; is insensitive to PZQ on account of a specific
amino acid within the binding pocket of Fasciola spp. TRPMp;q (Park et
al., 2021). A new chemotype that is indifferent to this natural binding
pocket variation activates Fasciola spp. TRPMp;, and phenocopies PZQ
action (Sprague et al., 2023b). Thus, the sensitivity of TRPMp;q or-
thologs in different species closely tracks with established parasite sen-
sitivities to PZQ (Marchant, 2024).

For TRPM)¢; 2, more recently identified as a MCLZ target (Park et
al., 2024), target validation is at an earlier stage. MCLZ activates
TRPM) ¢z Over a similar concentration range to the action of MCLZ on
schistosome worms in vitro (Park et al., 2024). These concentrations are
lower for those species of schistosomes known to be sensitive to MCLZ
(S. mansoni, S. haematobium (Baard et al., 1979)), but higher in species
known to be less sensitive to MCLZ (S. japonicum (Stohler, 1979; Pica-
Mattoccia et al., 2008),). This differential sensitivity was attributed to
amino acid variation within the ligand binding pocket of schistosome
TRPMyc1 7, Where a specific residue (a histidine in the ‘high sensitivity’
African schistosome clade, but a tyrosine in the ‘low sensitivity’ Asian
schistosome clade) defined TRPM)¢; ; sensitivity to MCLZ (Park et al.,
2024). Reciprocal mutations at this residue within the different
TRPMy¢;z backbones (H946Y in S. mansoni TRPMy;; versus Y944H in
S. japonicum TRPMy,c; ;) interchanged the sensitivity of TRPMyc; to
MCLZ (Park et al., 2024).

This correlation between the functional properties of different Schis-
tosoma sp. TRPMy ;7 orthologs with the sensitivity of different schisto-
some species to MCLZ is supportive of correct target assignment (Park
et al., 2024). However, there is further opportunity to assess whether
the ‘target’ versus ‘parasite’ correlation of MCLZ sensitivity holds for
different parasitic flatworms. TRPM,; is present in all parasitic flat-
worms (Park et al., 2024), prompting effort to examine the properties of
TRPM) ¢z in other parasites relative to the observed sensitivity of these
parasites to MCLZ. Currently there is a paucity of publications address-
ing MCLZ activity against parasitic flatworms other than schistosomes.
Therefore, we examined MCLZ action in two different parasitic flat-
worms in parallel with an assessment of MCLZ sensitivity of the
TRPM)c;z orthologs in these same models.

2. Materials & methods
Reagents. Chemical reagents were from Sigma, with the exception

of (§)-MCLZ (Cayman Chemical). Cell culture reagents and Lipofecta-
mine 2000 were from Invitrogen.

Cell Culture and transfection. HEK293 cells (ATCC CRL-
1573.3) were authenticated by STR profiling (ATCC) and evaluated
for mycoplasma contamination through monthly testing (LookOut®
Mycoplasma PCR Detection Kit, Sigma). Cells were cultured in
DMEM supplemented with 10 % fetal bovine serum (FBS), peni-
cillin (100 units/ml), streptomycin (100 pg/ml), and L-glutamine
(290 pg/ml). Individual TRPM constructs were synthesized by Gen-
script based on genomic and transcriptomic annotations. For func-
tional profiling of TRPMy;; orthologs and schistosome TRPM par-
alogs, cDNAs encoding each construct (Supplementary Dataset 2)
were transiently transfected into cultured cells (3 X 10° cells per
100 mm Petri dish) using Lipofectamine 2000.

Ca2" reporter assays. Ca’" reporter assays were performed us-
ing a Fluorescence Imaging Plate Reader (FLIPR™™®A| Molecular De-
vices) as detailed previously (Park et al., 2019, 2024). In brief,
HEK293 cells were seeded (20,000 cells/well) in a black-walled
clear-bottomed poly-d-lysine coated 384-well plate (Greiner Bio-One,
Germany) in DMEM growth media (supplemented with 10 % dia-
lyzed FBS). After 24hrs, the growth medium was exchanged and
cells loaded with Ca?* indicator by incubation with Fluo-4 NW (In-
vitrogen). Plates were then incubated (20 pl per well, 50 min at
37 °C, 10 min at room temperature) in Hank's Balanced Salt Solu-
tion (HBSS, 1.26 mM CaCl,, 0.49 mM MgCl,, 0.41 mM MgSO,,
5.33 mM KCl, 0.44 mM KH,PO,, 4.17 mM NaHCO;, 137.9 mM
NacCl, 0.34 mM Na,HPO,, 5.55 mM D-glucose, pH7.4) supplemented
with probenecid (2.5 mM) and HEPES (20 mM). Drug dilutions (5x
concentration) were prepared in assay buffer, without probenecid
and dye, in F-form 384-well plates (Greiner Bio-one, Germany). Af-
ter loading, the Ca2™ assay was performed. Basal fluorescence was
monitored for 20s at room temperature, then 5 pl of compound was
added, and the signal (raw fluorescence units) monitored for a fur-
ther 250s. Peak fluorescence increases for each well were normal-
ized to maximum-fold increase over baseline. Except where indi-
cated, all data are presented as mean * SEM.

Schistosoma mansoni motility assays. Adult schistosomes were
isolated from the mesenteric vasculature of female Swiss Webster mice
previously infected by the Schistosomiasis Resource Center at the Bio-
medical Research Institute with S. mansoni cercariae (NMRI strain).
Animal experiments followed ethical regulations approved by the
Medical College of Wisconsin Institutional Animal Care and Use Com-
mittee. Harvested schistosomes were washed in ABC169 (Wang et al.,
2019) and incubated overnight (37 °C, 5 % CO,) in vented petri
dishes (100 x 25 mm). For concentration response analyses, assays
were performed using three adult male worms per well in a twenty-
four well dish. Motility was scored for each individual worm on a 0-4
scale, following the WHO-TDR scoring matrix guidelines (Ramirez et
al., 2007). Scoring was based on motility resolved 20 min after (S)-
MCLZ application, with images obtained both prior to and after drug
treatment. Images were captured using a Zeiss Discovery v20 stere-
omicroscope with a QiCAM 12-bit cooled color CCD camera controlled
by Image-Pro imaging software (v.11.0.4).

Fasciola hepatica motility assays. Metacercariae of the Kil-
marnock (triclabendazole-resistant; used in NEJ trial) or Italian (tri-
clabendazole-susceptible; used in 3-week juvenile trial) strains were
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Fig. 2. Activity of (S)-MCLZ versus Fasciola hepatica. (A) Left, Length change (mean + SEM) of F. hepatica NEJs 18 h after treatment with BZQ (2.5 pM) or (S)-
MCLZ (10 pM), **p < 0.01 in a TCBZ-resistant strain. Middle, Effects on three-week-old juvenile F. hepatica treated with TCBZ (1.5 pM) or MCLZ (10 uM) using a
TCBZ-sensitive strain, ****p < 0.0001. Right, representative image stills extracted from video recordings of three-week-old juvenile assays. (B) F. hepatica miracidia
activity (mean = SEM) 15 min prior and 15 min post treatment with TCBZ or (S)-MCLZ (both at 10 pM). (C) In vitro ca’t reporter assay for Fasciola hepatica
TRPMycrz (Fh.TRPMyc 7)) compared with Sm. TRPMy¢; ;. Measurements represent peak signal amplitude relative to maximal response of (S)-MCLZ at Sm. TRPMy¢; 7

(mean * SEM).

purchased from Ridgeway Research (Gloucestershire, UK). These were
excysted as described previously (McVeigh et al., 2014; McCusker et
al., 2020) with a full protocol available in (McCusker et al., 2023).
Compounds for testing were prepared by making 10 mM stocks in
DMSO prior to serial dilutions in DMSO. NEJs or three-week-old juve-
niles cultured in 50 % Chicken serum (McCusker et al., 2016) were
moved to 35 mm Petri dishes (82.1135.500, Sarstedt) with 3 ml of
RPMI (#11835105, Thermo Fisher Scientific with antibiotic/antimy-
cotic (#A5955, Sigma Aldrich)). Compounds were added such that

DMSO was at a final dilution of 1:1000 in all treatments. Benzamido-
quinazolinone (BZQ (Sprague et al., 2023b),) or the frontline flukicide
triclabendazole (TCBZ) were compared with (S)-MCLZ (10 uM). After
18 h the NEJs/three-week-old juveniles were videoed for 1 min under
darkfield lighting on an Olympus SC50 camera attached to an Olympus
SZX10 microscope. Each drug treatment was carried out in triplicate
with replicates carried out on different days. Video analyses were car-
ried out via the wrMTrck plugin (Schneider et al., 2012). Briefly, im-
ages were calibrated using a 1 mm scale and the wrMTrck plugin was
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Fig. 3. Activity of (S)-MCLZ versus E. multilocularis protoscoleces. (A) Top, Summary of drug assays using E. multilocularis protoscoleces. Drug treatments were:
(£)-PZQ and (S)-MCLZ (both <100 pM) for 24hrs. Data are plotted as % motility versus vehicle (DMSO, 0.1 %) control (mean + SEM). Bottom, images of protoscole-
ces after 24hrs of drug treatment. Contraction and damage was evident in the cohort treated with (+)-PZQ. (B) In vitro ca’* reporter assay for Echinococcus granulo-
sus TRPMycrz (Eg. TRPMycr7) compared with Sm. TRPMy¢;. Measurements represent peak signal amplitude relative to maximal response of (S)-MCLZ at Sm.

TRPMyc;z (mean = SEM).

used as default, except for modifications to minSize (10 pixels), max-
Size (1000 pixels), maxVelocity (1000 pixels/frame), AreaChange
(200 % change in area between frames), Rawdata (2) and benddetect
(0). The change in juvenile length between frames was recorded and
used to calculate the mean length change of worm/minute from the en-
tire recording. For statistical analyses on the juvenile dataset, a
Shapiro-Wilk test was performed for normality, followed by a Kruskal-
Wallis test for significance.

To examine miracidia, eggs were collected from infected sheep at a
local abattoir (Linden ABP Foods Dungannon, UK). Eggs were washed
several times in spring water before being left in Petri dishes in the dark
for 2 weeks at 21 °C to embryonate. Once embryonated miracidia were
exposed to light to trigger hatching. Groups of 10 miracidia were col-
lected in 50 pl water and placed in a 96-well plate. Miracidial move-
ment was recorded for 15 min using the wMicroTracker (InVivo Biosys-
tems, USA) to ascertain baseline movement prior to the addition of
compounds. (S)-MCLZ and TCBZ were used at final concentration of
10 pM. Six replicates were used for each treatment and the final con-
centration of DMSO was 1:1000 following serial dilutions in DMSO
prior to dilutions in spring water. Activity in each well was recorded as
the number of times the laser beam was broken across 5 min. For statis-
tical analyses, a Shapiro-Wilk test was performed for normality, fol-
lowed by paired t-tests for significance.

Cestode motility assays. Protoscoleces of E. multilocularis strain
MB17 were isolated from metacestode material grown in experimen-
tally infected gerbils (kindly provided by Prof. Dr. K. Brehm, University
of Wiirzburg). Extraction, activation of protoscoleces, as well as motil-
ity assays were performed as outlined previously (Kaethner et al.,
2023). Briefly, protoscoleces were activated by 10 % DMSO (3 h at
37 °C in a humid atmosphere with 5 % CO,) and left to recover at

37 °C overnight in DMEM with 10 % FBS (Biochrom, Berlin, Germany).
The following day, 25 protoscoleces were distributed into individual
wells of a white, flat-bottom 384 well plate (Huberlab, Aesch, Switzer-
land) for drug assays. Compounds were added at indicated final con-
centrations in 1 % DMSO with at least six replicates for each condition.
The assay plate was sealed with a clear-view sealing foil (Huberlab),
and motility was captured at 37 °C using a live cell imaging system
(Nikon TE 2000E, Hamamatsu ORCA ER camera) and then processed
with the software NIS-Elements AR V4.51 and the JOBS module
(Nikon). Motility was calculated relative to the DMSO control (1 %) for
each time point and the highest and lowest values were excluded. Re-
sults are shown as mean *+ SEM.

Bioinformatic Analysis. Genome sequences were obtained
through individual project data repositories deposited on NCBI or via
WormBase Parasite v19 (Howe et al., 2017). Orthologous TRPMyc;
sequences were identified via BLAST searches, aligned with ClustalW,
and binding pocket alignments were curated manually. For those
parasitic flatworm species containing two isoforms of TRPMyc 7, an-
notation ‘3a’ denotes the exon upstream of the second exon ‘3 b’.
For phylogenetic analyses, TRP orthologs were identified by BLASTp
search against these databases using the previously annotated S.
mansoni TRPs (Bais and Greenberg, 2020). Putative TRPs in other
species were then confirmed by reciprocal BLASTp against the S.
mansoni predicted proteome (Buddenborg et al., 2021) and filtered
for presence of at least four transmembrane domains using
DeepTMHMM (Hallgren et al., 2022). Retained sequences were
aligned with MUSCLE, trimmed using TrimAl with a 20 % gap
threshold (Capella-Gutierrez et al., 2009), and the resulting multiple-
sequence alignment was inputted into IQ-TREE (version 2.2.0 (Minh
et al., 2020);) to generate a maximum likelihood tree using standard
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cestode

Fig. 4. Schematic of (S)-MCLZ binding pocket within TRPMy,,; in different parasitic flatworms. Binding pocket residue identity in (A) generalized trema-
tode TRPMycz, (B) monogenean TRPMy¢;7, and (C) cyclophyllidean cestode TRPMyc; ;. Highlighted residues (boxed) show different combinations of amino acids
present at these positions. Alternative residues are shown if a variant is predicted from more than one species in same group. *, location of key residue in S4 helix
that regulates schistosome TRPMy¢;7 sensitivity to (S)-MCLZ. Numbering references residues found in Sm. TRPMyc; 7.

model selection and 1000 bootstrap replicates. The phylogenetic tree
was visualized using iTOL v7 (Letunic and Bork, 2024). A FASTA file
of sequences used in generation of the tree in Fig. 1A are provided as
Supplementary Dataset 1.

3. Results and discussion

TRPM channels are well represented in parasitic flatworm genomes
compared with other TRP channel subfamilies. In schistosomes, there

are seven predicted TRPM channels within a broader family of fifteen
TRP channels comprising multiple subfamilies (TRPA, TRPC, TRPML
and TRPP, Fig. 1A). The realization that two of the TRPM channels
serve as targets for (R)-PZQ (TRPMpy, (Park et al., 2019)) and (S)-
MCLZ (TRPMy; (Park et al., 2024)) highlights opportunity for an-
thelmintic design at these two targets as well as the other TRPM par-
alogs.



C.M. Rohr et al.

Table 1

Functional effects of various point mutants in Sm.TRPMy,. Indicated
amino acids substitutions were profiled in a Ca* reporter assay, with the
corresponding values for potency (ECsy) and efficacy (B,) shown.
Sm.TRPMy,¢; 7 represents the wild type, reference sequence as detailed in Sup-
plementary Dataset 2.

construct helix ECs5o (uM) Bihax (%)
Sm.TRPMyc17 1.4 £ 0.2 100
Sm.TRPMyc;; [L826F] S1 1.6 = 0.3 85.6 + 7.5
Sm.TRPMyc;, [1892L] S3 46 = 0.5 83.1 + 6.7
Sm.TRPMyc; [D893E] S3 3.8 + 0.6 82.8 + 11.8
Sm.TRPMyc;, [H946F] S4 60.4 + 24 431 + 1.9
Sm.TRPMyc; [H946Y] S4 21.7 + 1.2 72.7 + 7.0
Sm.TRPMyc;; [R1120K] TRP 7.0 £ 0.5 783 + 2.6
Sm.TRPMyc;z [T1121S] TRP 35 + 0.5 100.7 *= 16.0
Fh.TRPMyc; [Y994H] S4 low activity n/a
Eg.TRPM yc17 [F952H] S4 low activity n/a

3.1. (S)-MCLZ activity against Schistosoma mansoni

(S)-MCLZ causes a rapid contraction of adult S. mansoni worms (Fig.
1B (Pax et al., 1978; Bricker et al., 1983; Thibaut et al., 2009),), with an
inhibition of worm motility occurring over the low micromolar range
(ICsq for (S)-MCLZ = 1.54 *= 0.09 pM (Park et al., 2024)). This po-
tency matches the concentration-dependent activation of S. mansoni
TRPMycz (Sm.TRPMyz, gene ID Smp 333650) by (S)-MCLZ
(ECsq = 1.42 = 0.19 pM, Fig. 1B). (S)-MCLZ action on S. mansoni
adult worms therefore correlates well with the in vitro sensitivity of Sm.
TRPMycz (Park et al., 2024). Does this correlation hold for TRPMyc; 7
orthologs in other parasites? With the candidate target identified, there
is opportunity to test whether the sensitivity of parasitic flatworm
TRPMycz orthologs corresponds with the (S)-MCLZ sensitivity of dif-
ferent parasitic flatworms.

3.2. (S)-MCLZ activity in other parasitic flatworms

TRPMycrz orthologs exist in other parasitic flatworms (Fig. 1A
(Park et al., 2024),). We therefore profiled (S)-MCLZ activity in two
different models: first, the liver fluke Fasciola hepatica, a trematode
from the order Plagiorchiida; second, Echinococcus multilocularis, a cy-
clophyllidean cestode. The sensitivity of the TRPMy,q orthologs to
(S)-MCLZ in these parasites was also evaluated.

In F. hepatica (S)-MCLZ was first tested against newly excysted juve-
nile worms (NEJs). BZQ, a recently discovered TRPMy;, activator
(Sprague et al., 2023b), was also used as a positive control as these tri-
als were carried out in a TCBZ-resistant strain (due to metacercariae
availability). Videos of parasite motility were recorded for each treat-
ment, and effects on individual worms were quantified by measuring
change in worm length over time. BZQ (2.5 pM, 18 h) caused worm
contraction, but no contraction was observed with (S)-MCLZ (Fig. 2A).
Next, MCLZ was tested against juvenile worms in TCBZ-sensitive strain
following culture in vitro for 3 weeks in 50 % chicken serum. Over this
time worms increase in area ~5-fold and develop structures such as a
thickened tegument and branched gut (McCusker et al., 2016). Cul-
tured juveniles were incubated for 18 h in either MCLZ (10 pM), a nega-
tive control (DMSO), or a positive control (TCBZ, 1.5 uM). As expected,
TCBZ treated worms contracted but MCLZ treatment (10 pM) had little
effect (Fig. 2A). Finally, (S)-MCLZ was tested against F. hepatica
miracidia. While TCBZ (10 pM) caused a rapid inhibition of movement,
addition of (S)-MCLZ (<10 pM) or the vehicle control (DMSO) failed to
impair motility Fig. 2B). Collectively, these data evidence little sensitiv-
ity toward (S)-MCLZ across different F. hepatica life cycle stages.

The F. hepatica TRPMy¢;; ortholog (Fh.TRPMy; gene ID Fh-
Hic23 g5667) was then tested for (S)-MCLZ sensitivity. No activation
was apparent with (S)-MCLZ (tested at concentrations <100 pM, Fig.
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2C). This lack of activation was consistent with the lack of (S)-MCLZ
sensitivity observed across the different F. hepatica life cycle stages.

(S)-MCLZ activity was then examined in a cestode model in a screen
of E. multilocularis protoscoleces. In these assays, (R)-PZQ was used as a
positive control as it is known to cause contraction and paralysis (Fig.
3A) over a concentration range consistent with the potent activity of
(R)-PZQ at TRPMpyq (Rohr et al., 2023; Sprague et al., 2023a). No inhi-
bition of movement was seen when (S)-MCLZ was added to the medium
(<100 pM). At the highest concentration (100 pM), potentiation of
movement was observed (Fig. 3A).

In parallel, the TRPMy,; ortholog from E. granulosus
(Eg.TRPMy12, gene ID EgrG 001087300) was tested for (S)-MCLZ sen-
sitivity. No activity was apparent with (S)-MCLZ (tested at concentra-
tions <100 pM, Fig. 3B). These data were consistent with the lack of
(S)-MCLZ activity on protoscoleces ex vivo. Therefore, in both parasite
models that have been shown here to lack sensitivity to (S)-MCLZ ex
vivo, the corresponding TRPMy; 7 orthologs were not activated by (S)-
MCLZ.

3.3. TRPMMCLZ binding pocket bioinformatics

Can the differences in (S)-MCLZ sensitivity between parasites be ex-
plained by differences in the transmembrane ligand binding pocket
found in the corresponding TRPMy;, orthologs? A binding pose for
(S)-MCLZ in Sm. TRPMy1z has been proposed using a compilation of
docking methods and molecular dynamics (Park et al., 2024). (S)-MCLZ
is proposed to occupy a cavity within the VSLD (S1-S4) of Sm.
TRPM) ¢z that is analogous to the binding pocket of menthol in human
TRPMS and (R)-PZQ in TRPMpy, (Park et al., 2021).0(8)—MCLZ resides
within this VSLD cavity within close proximity (5 A) to twenty four
amino acid residues (Park et al., 2024), with six residues from the S1
helix, S2 helix, S4 helix and TRP helix predicted to interact with (S)-
MCLZ (Fig. 4A).

Analysis of available genomic and transcriptomic resources (see
‘Methods’) enabled prediction of this suite of twenty four amino acid
residues across sixty-three TRPMy; orthologs from various trema-
todes, monogeneans and cestodes (Supplementary Table 1). The six
binding pocket residues predicted to interact with (S)-MCLZ (Park et
al., 2024) displayed strong conservation across all these different para-
sites. For example, key S1, S4 and TRP residues (H831, R943, Y1117 in
Sm. TRPMy17, colored in green in Fig. 4A) were well conserved across
all TRPMy,; ; orthologs: H831 (S1) and R943 (S4) are completely con-
served, while Y1117 (TRP) was conserved with the exception of a
phenyalanine substitution in Gyrodactylus spp. (Supplementary Table
1). The other predicted (S)-MCLZ interacting residues in S1 (H827) and
S2 (Y864, E868) were also well conserved.

However, changes in other residues proximal to the (S)-MCLZ bind-
ing pose were evident. These data are summarized in Fig. 4 to highlight
binding pocket residues that differ between the various types of para-
sitic flatworm (Fig. 4A-C). Monogenean and cestode TRPMy;¢;, chan-
nels displayed more variation in the (S)-MCLZ binding pocket, with six
loci of variation unique to monogeneans (Fig. 4B) or cestodes (Fig. 4C).
This number of differences would be consistent with a different binding
pocket architecture and ligand binding profile compared with Sm.
TRPM) ¢z, potentially explaining the lack of activity of (S)-MCLZ in the
cestode model in vitro and against cestode TRPMy,¢; 5 (Fig. 3).

Given the known architectural mealleability of TRPM VSLD binding
pockets, analyses based on bioinformatics alone remain speculative.
Therefore, to provide functional insight into the effects of these differ-
ences, each of the six natural variants catalogued in cestode TRPMyc;
were generated individually within the Sm. TRPMy¢;; backbone. With
the exception of the S4 residue (H946 in Sm. TRPMy; ;) that is repre-
sented by a phenylalanine in cestode TRPMy,c; 7, all other mutants re-
tained reasonable sensitivity toward (S)-MCLZ (Table 1). However, Sm.
TRPM) 1z [H946F] resulted in > 40-fold decrease in (S)-MCLZ potency
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Fig. 5. Identification of a possible alternate exon in a subset of trematodes. (A) Exon organization of S. mansoni TRPMy¢;;, (top) compared with Clonorchis
sinensis TRPMyc;; (bottom). The oriental liver fluke has two predicted terminal exons (3a and 3 b), compared to a single terminal exon (3) in the blood fluke.
Schematic is drawn to scale with genomic spacing of exons illustrated. (B) Bioinformatic analysis for the presence of the duplicated exon in different trematode
groups. The duplication (blue) is present in the Opisthorchiida, Paragonimus spp. and two other Plagiorchiida representatives. Grey color indicates no prediction of
TRPM)c;7 architecture based on currently available genomic sequences. Species classifications were reconstructed from the evolutionary pedigree of LifeMap (de
Vienne, 2016) and visualized using the Interactive Tree of Life v7 (Letunic and Bork, 2024).

<

and >50 % decrease in efficacy. These data again underscore the im-
portance of residue identity at this specific position in the S4 helix for
(S)-MCLZ efficacy. It is interesting to note that the equivalent residue in
TRPMp;q (Y1517) engages with n- stacking interactions with (R)-PZQ
(Park et al., 2021), and the equivalent residue in flycatcher TRPMS is
important for binding icilin (Yin et al., 2019). Mutations at this same
residue are also associated with human TRP channelopathies, further
underscoring functional importance (Hofmann et al., 2017).

In trematodes, more limited variation occurred within the Sm.
TRPM)c1z pocket lining, but one of the only two variable loci was again
this same S4 residue. A tyrosine residue, diagnostic of the lower sensi-
tivity schistosome clade was present in Trichlobilharzia spp., Heterobil-
harzia americana as well as other schistosome species classified within
the generalized ‘Asian’ pedigree (Lawton et al., 2011). We would there-
fore predict all these parasites exhibit poor sensitivity to (S)-MCLZ. A
tyrosine residue was also present at this position in the Plagiorchiida,
which includes both Fasciola spp. as well as Paragonimus spp. Based on
mutagenesis data (Table 1 (Park et al., 2024),), one would predict that
this tyrosine substitution confers lower sensitivity to (S)-MCLZ, consis-
tent with the functional assay results using F. hepatica and Fh.
TRPMyz (Fig. 2). However, we note reciprocal mutation of this
residue in either the F. hepatica backbone (Fh.TRPMyc;z [Y994H]) or
the cestode backbone (Eg.TRPMy;; [F952H]) did not recover signifi-
cant sensitivity to (S)-MCLZ (Table 1). Therefore, it is likely that bind-
ing pocket size and/or architecture, in addition to the particular iden-
tity of the S4 residue, provides additional constraints for ligand engage-
ment at TRPMy¢;z. Other residues in the transmembrane helices do
vary between all these TRPMy;¢;; orthologs, with the current analysis
only prioritizing interactions and proximity to the predicted (S)-MCLZ
binding pose in Sm. TRPMy¢;z (Park et al., 2024).

In summary, the lack of (S)-MCLZ sensitivity of two TRPMy; or-
thologs (Fh.TRPMy,c; 7, Eg. TRPMy¢; ) aligns with the lack of sensitivity
of these parasites to (S)-MCLZ. The identity of the S4 variant (F, H or Y)
residue in TRPM)¢; 7, Which varies in size and rotameric potential, acts
as an important determinant of (S)-MCLZ potency and efficacy.

3.4. Exon structure of trematode TRPMMCLZ

In studying the genomic annotations of TRPMy¢; 2, we noticed a po-
tential duplicated exon in a subset of the parasitic flatworm TRPMy;¢;
channels. These channels included TRPMy,; 7 orthologs from Clonorchis
sinensis, Opisthorchis spp. and Paragonimus spp. TRPMyc; 7 is typically
encoded by 3 exons but these particular TRPMy,; ; representatives pre-
sent two versions of exon 3 in their genomes (designated as exon ‘3a’
upstream of exon ‘3 b’, Fig. 5A). Analysis of available transcriptomes
provide support for expression of either exon, rather than both, with the
‘1-2-3 b’ configuration most closely resembling the standard (exon ‘1-
2-3’) TRPMy¢;7 orthologs. The residues lining the binding pocket en-
coded in exon ‘3a’ were unique from exon ‘3 b’ (Supplementary Table
2). While we have not been able to confirm usage of both exons directly
owing to a lack of access to biological tissue, this represents a curious
observation for future study, given exon 3 encodes the entire channel
domain of TRPMy¢;z (Fig. 5A). As such, an alternative splicing event
would substantially change channel properties, comprising the VSLD
binding pocket, the pore-forming domain and the carboxy terminus of
this ion channel. Functionally, this could generate ion channels with
completely distinct properties in those parasites that harbor this dupli-
cation (Fig. 5B).

3.5. Screening (S)-MCLZ at other schistosome TRPM channels

The absence of responses to (S)-MCLZ in F. hepatica and E. mutilocu-
laris suggests there are no other targets sensitive to low concentrations
of (S)-MCLZ in these parasites. To directly assess whether any other
members of the TRPM family are activated by (S)-MCLZ, all seven schis-
tosome TRPM family members (Fig. 1A) were profiled using the Ca?*
reporter assay. Whereas TRPMpzq (Smp_246790) and TRPMy,c;; (Sm-
D_333650) were both reciprocally activated by (R)-PZQ and (S)-MCLZ
respectively (Park et al., 2019, 2024), none of the other predicted
TRPM paralogs displayed any activity in response to either ligand (Fig.
6A). These data have an obvious caveat that no known activators of
these channels have been established, so the negative data could alter-
natively be explained by either a lack of functional channel expression,
or a lack of Ca®™ permeability of the other paralogs.

However, inspection of the TRPM binding pockets of the other pre-
dicted schistosome TRPM channels provides support for the suggestion
that TRPM)c; 7 is likely the sole TRPM channel activated by (S)-MCLZ.
This is because several of the key residues implicated in (S)-MCLZ en-
gagement (Fig. 4A) differ between the other TRPM paralogs. This in-
cludes the histidine residue at the key S4 position, which only occurs in
Sm. TRPMy ;7 (Fig. 6B). Different residues are present at this position
in the other TRPM paralogs (tyrosine in TRPMp;q and Smp_130890, glu-
tamic acid in Smp_ 000050 and Smp_147140, serine in Smp_165170 and
glycine in Smp 347080, Fig. 6B). In addition to the S4 residue, conserva-
tion of other residues implicated to interact with (S)-MCLZ is poor. For
example, both S1 histidine residues proposed to interact with (S)-MCLZ
are not found in any other schistosome TRPM channel (Fig. 6B).

4. Conclusions

These data suggest the ‘narrow spectrum’ anthelmintic activity of
MCLZ against a subset of schistosome species results from natural
residue variation and the divergent architecture of the ligand binding
pocket in TRPMy,;z between different groups of parasitic flatworms.
Understanding binding pocket variation between TRPMy¢;; orthologs
provides a critical first step for optimizing ligand development at this
new target. As recently shown with TRPMp;, (Rohr et al.,, 2023;
Sprague et al., 2023b), this insight can spur design of new anthelmintics
with broader activity, as well as new chemotypes tailored for treating
specific parasitic infections.
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Fig. 6. Profiling (S)-MCLZ versus other schistosome TRPM channels. (A) Activity of ( = )-PZQ (red) and (S)-MCLZ (blue) tested (both at 100 pM) using the
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sion. (B) Alignment of the 24 residues predicted to lie in close proximity to the binding pose of (S)-MCLZ between different schistosome TRPM channels. The six
proximal residues predicted to form interactions with (S)-MCLZ (see Fig. 4) are shown in green, with conservation with other schistosome TRPM channels also high-
lighted in green. The residue at the key position in the S4 helix (H946 in Sm. TRPMy;,) which regulates schistosome TRPMy,;, sensitivity to (S)-MCLZ is high-
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