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The cation channel of sperm (CatSper) is a validated target for
nonhormonal male contraception, but it lacks selective blockers,
hindering studies to establish its role in both motility and
capacitation. Via an innovative calcium uptake assay utilizing
human sperm we discovered novel inhibitors of CatSper
function from a high-throughput screening campaign of 72,000
compounds. Preliminary SAR was established for seven hit
series. HTS hits or their more potent analogs blocked
potassium-induced depolarization and noncompetitively inhib-
ited progesterone-induced CatSper activation. CatSper channel

blockade was confirmed by patch clamp electrophysiology and
these compounds inhibited progesterone- and prostaglandin
E1-induced hyperactivated sperm motility. One of the hit
compounds is a potent CatSper inhibitor with high selectivity
for CatSper over hCav1.2, hNav1.5, moderate selectivity over
hSlo3 and hERG, and low cytotoxicity and is therefore the most
promising inhibitor identified in this study. These new CatSper
blockers serve as useful starting points for chemical probe
development and drug discovery efforts.

Introduction

After the introduction of the female birth control pill in 1960,
research to discover and develop a male counterpart focused
on hormonal contraceptives. However, no agent has yet
reached the market to date due to side effects such as
decreased high-density lipoprotein (HDL), acne, low libido, and
weight gain.[1,2] Therefore, more recent efforts have centered on
developing non-hormonal pharmacological agents that specifi-
cally target the testis, the epididymis, or sperm function.[3–5] Of
the increasing number of targets available to the field, the
voltage-gated calcium ion channel CatSper (cation ion of
sperm)[6,7] is considered an exceptionally promising target for
male contraception because it is expressed exclusively in sperm
and it is functionally relevant only in mature sperm. Further-
more, channel malformation caused by genetic polymorphisms
is sufficient for complete infertility in human men.[8–11] CatSper
activation leads to a large influx of calcium into the tail of

sperm, creating calcium oscillations that propagate towards the
head of the sperm.[12] This increase in intracellular calcium ion
concentration is necessary for facilitating many processes within
mature sperm including the acrosome reaction, capacitation,
and hyperactivated motility (HAM).[13,14] HAM is a mode of
motility characterized by a shift in flagellar beat patterns from
sinusoidal, regular motion to more dramatic, whip-like
gesticulations.[15–17] Sperm cells that do not achieve HAM cannot
penetrate the viscous fluid of the upper reproductive tract and
thus cannot fertilize the egg.[18] The endogenous steroid
progesterone and several prostaglandins, particularly prosta-
glandin E1 (PGE1), are potent activators of CatSper.[19–21] In
addition to these activators, alkaline environments and high
external potassium concentrations activate calcium influx in
sperm via CatSper.[22,23]

As mentioned previously, a selective CatSper blocker would
affect only mature sperm. Therefore, after discontinuation of
treatment and drug wash out, fertility will return upon
replenishment of mature sperm population. These observations
underlie the rationale for developing a novel contraceptive
agent targeting CatSper. Such an agent could potentially be
used as an on-demand male contraceptive and alternatively
could also be applied as a vaginal treatment to prevent sperm
hypermotility and thereby pregnancy. Compounds impacting
male fertility have been predominantly identified from anecdo-
tal and off-target effects of drugs used for other indications.
Examples include anticancer agent lonidamine and related
analogs adjudin[24] and gamendazole,[25] triptolide and
triptonide,[26,27] BET bromodomain inhibitor JQ1,[28] ALDH1 A2
inhibitor WIN 18,466,[29] originally developed as an amebicide,
and retinoic acid receptor antagonists originally developed for
dermatological and inflammatory diseases.[30] To date, little
progress has been made in developing CatSper-specific block-
ers. HC-056456 (Figure 1), a CatSper blocker identified through
screening, slows the rise of intracellular calcium in sperm and
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prevents HAM in the low micromolar range.[31] Mibefradil (Ro
40-5967)[31] and its close structural analog NNC 55-0396[32] are
calcium channel blockers that were originally developed to
block T- and L-type channels, and later found to also block
CatSper.[33] Recently, a synthetic steroidal blocker (RU 1968) of
CatSper was reported, displaying micromolar potency and
providing a new class of CatSper blockers.[34] We recently
reported on the ability of the three steroids medroxyprogester-
one acetate, levonorgestrel, and aldosterone to antagonize
progesterone- and PGE1-mediated calcium influx.[35] In addition,
the plant triterpenoids pristimerin and lupeol were reported to
inhibit progesterone-induced CatSper currents and it was
proposed that these compounds compete with progesterone at
its regulatory site on ABHD2.[36,37] After the initial report, two
subsequent studies found that these triterpenoids do not
antagonize progesterone-induced CatSper currents.[38,39]

To better understand the role of CatSper in reproductive
biology and as a starting point for male contraceptive drug
development, new CatSper channel blockers are needed. Here-
in, we disclose the results of a high-throughput screening (HTS)
campaign that revealed several previously unreported chemical
scaffolds with the ability to block CatSper. We established the
initial structure-activity relationships (SAR) for seven screening
hit series as inhibitors of high potassium/high pH- and
progesterone-induced calcium influx in human sperm and
characterized these hit series using patch-clamp electrophysiol-
ogy in human sperm, computer-aided sperm analysis (CASA),
cytotoxicity in both sperm and somatic cells, and ion channel
selectivity screening.

Results and Discussion

Assay validation, screening, and hit discovery

Heterologous expression of a functional CatSper channel has
not yet been achieved and is likely due to failure in proper
assembly of the CatSper complex, hampering drug discovery
efforts.[40] Thus, a phenotypic screen was used as an alternative,
despite challenges that can be encountered with such
approaches such as hit validation or target deconvolution that
require follow-up testing in functional assays.[41] Live human
sperm were used in a HTS campaign to identify compounds
that inhibit CatSper function by monitoring intracellular calcium

ion concentration after loading isolated cells with calcium-
binding fluorophore Fluo-4 AM. Fluorescence was monitored in
real time during test compound and channel activator addition
using a FLIPR Tetra. CatSper inhibitors were identified by a
reduction in fluorescence peak height produced by the
activator relative to DMSO controls.

An overview of the HTS campaign utilizing high potassium/
high pH to activate CatSper is shown in Figure 2. The CatSper
FLIPR assay was validated by first examining the reproducibility
of a series of controls (high, low, high+ inhibitor, background)
distributed vertically across entire assay plates to establish key
metrics including signal window and Z scores. Although the
signal window (S/B~5), fluorescence peak (average 335 RFU),
and Z (0.4) were relatively low, these values were considered
sufficient to proceed with screening. Whereas the signal size
was likely limited by the fast timescale of ion channel opening
and closing, an improved peak RFU and S/B were achieved
while screening by inclusion of probenecid to block dye
efflux.[42] Validation of hit detection and reproducibility was
then established in a pilot screen using the Library of
Pharmacologically Active Compounds (LOPAC) collection tested
in four independent experiments. These assay validation steps
indicated that potential CatSper blockers could be identified in
an HTS campaign using this FLIPR assay method.

Over 72,000 compounds from the following libraries were
tested in the primary screen at 10 μM: the National Cancer
Institute set, the ChemDiv Peptidomimetic and Kinase libraries,
the TOCRIS Tocriscreen Complete and Kinase Inhibitor Library,
the ChemBridge MicroFormat Library, the LOPAC library, the
NIH Clinical Library, the Prestwick Chemical Library, and the
MicroSource Spectrum Collection. Of the 72,000 compounds
screened, 220 exhibited greater than 60% inhibition and were
selected for IC50 determinations. Approximately half of these
compounds (104) showed well-defined sigmoidal dose-re-

Figure 1. Structures of known CatSper inhibitors.

Figure 2. Graphical representation of HTS workflow.
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sponse curves with IC50 values less than 55 μM. These 104
compounds were further triaged based on fluorescence inter-
ference, unfavorable physicochemical properties, and potency,
resulting in 12 hits prioritized for repurchase.

Of those 12 hits, eight compounds reconfirmed in the HTS
assay using high potassium/high pH activation and in a similar
assay using progesterone (1 μM) to elicit calcium influx.
Inhibition of progesterone-induced calcium influx increased
confidence that the hits act by blocking CatSper, resulting in
elimination of four hits from further consideration. One of the
remaining hit molecules was apomorphine, which was removed
from consideration because of its known properties as a non-
selective dopamine agonist, leaving seven scaffolds for further
pursuit (Figure 3).[43] Hits 1 a and 2 a were identified from the

LOPAC library, hits 3 a, 4 a, and 5 a came from the ChemBridge
library, 6 a from the MicroSource library and compound 7 a
from the ChemDiv kinase library. A representative FLIPR dose-
response trace showing calcium influx blocked by compound
4 a in human sperm is shown in Figure 4.

Several rounds of SAR studies were carried out with the
seven confirmed CatSper hits using commercially available
molecules. First, because only a fraction of the HTS library was
tested in the primary screen, a Tanimoto similarity search was
performed for each confirmed hit against the entire HTS
compound collection containing ~250,000 compounds. This
generated a list of analogs from which 50 compounds were
selected, cherry-picked from DMSO stocks, and tested in
concentration-response in both the K+- and progesterone-
induced activation assays. Additionally, a commercial chemical
database (eMolecules) was queried using each hit compound.
Again, a Tanimoto similarity or substructure search guided
compound selection. A total of 67 analogs were selected for
purchase based on structural diversity, lack of undesirable
chemical functionalities, absence of known biological liabilities,
and compound cost and availability.

Preliminary SAR of seven hit compounds

Hit series 1 (Table 1) is characterized by a guanidine group
linked via an amide bond to a substituted pyrazine core. The
most potent compound in this series, the original hit compound
1 a (5-hexamethylene amiloride), carries an azepane group at
C5 (R1) and is unsubstituted at the guanidinium moiety (R2=H).
Placing less bulky amine substituents at the C5 position
decreased potency (1 b–1 d). The epithelial sodium channel
blocker amiloride (1 d) itself is inactive at CatSper. However,
adding a hydrophobic benzyl group to the guanidinium moiety
restored some activity, even when the azepane group was
absent (1 e vs. 1 d). Since analog 1 f, carrying a 2,4-dichloro
group (R2), showed potency like the original hit compound 1 a,
we concluded from this result that lipophilicity may play an
important role in defining the activity of this series. The dichloro
substitution present on the phenyl moiety of 1 f appears to be
important, since a 3-fold loss in potency is observed when the
2,4-dichloro motif is replaced with a simple benzyl (1 e) or
phenyl (1 h) group.

The guanidine group of compound 1 f can be converted to
a hydrazinylmethylenamide group found in analog 1 i without
negatively affecting potency. However, replacement of the
guanidinium group with pyridine abolishes activity (1 c vs. 1 j).
Pyrazine amide analog 1 g was also inactive. The C5 azepane
group and an alkyl group appended to the guanidinium group
appear to confer increased potency in this series, likely through
increasing the lipophilicity of the molecule. Hit series 1 blockers
were not pursued further because these compounds contain a
guanidinium group present in sodium channel pore blockers,
such as tetrodotoxin and saxitoxin; these compounds are also
analogs of the epithelial sodium channel blocker amiloride,
suggesting that selective CatSper blockers would be difficult to
achieve in this series.

Figure 3. Hit compounds resulting from HTS campaign.

Figure 4. Representative FLIPR traces showing blockade of K+ depolariza-
tion-induced increase in intracellular calcium by compound 4 a in human
sperm. a=addition of test compound to sperm pre-loaded with Fluo-4-AM
dye; b=addition of activation buffer in the absence (control) or presence of
test compound (zeroed here); c=endpoint reading taken. The 1st phase (a to
b interval) is used to assess nonspecific compound effects, whereas CatSper
channel blockade is determined during the 2nd phase (b to c interval).
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The most active compound in hit series 2, compound 2 a
(selective dopamine D2 receptor antagonist L741,626[44]) con-
taining a 4-phenylpiperidin-4-ol core was identified from the
LOPAC library and its CatSper SAR is shown in Table 2.
Replacing the indole of 2 a with a phenyl group (2 b) decreases
potency significantly, although the introduction of a 2-
fluorobenzyl group recovered some of the lost potency (2 c).
The 4-chlorophenyl group of 2 a was replaced with piperidine-
4-azepane in compound 2 d, which was only ~2-fold less
potent, suggesting that a hydrogen bond acceptor/donor is
needed at this position rather than strictly the tertiary hydroxyl
group. Addition of a ketone to the methylene linker in 2 a
completely abolished activity as shown for analogs 2 e–2 j.
Replacing the indole of 2 e with a 2-methylquinoline (2 f) also
led to an inactive compound. Adding a 4-(2-methylquinolin-6-
yl) group to the scaffold resulted in inactive 2 k and compound
2 l, 3-(1-benzylpiperidin-4-yl)-1H-indole, is inactive as well. These
two compounds indicate that this scaffold is not amenable to
changes in connectivity or composition. To summarize, a basic
piperidine nitrogen appears to be necessary for activity in this
scaffold series and subtle changes are needed if this compound
is to be developed further. However, it is promising that the
tertiary alcohol may not be needed for activity since the 4-
phenylpiperidin-4-ol substructure has the potential to be
converted to MPTP-like compounds, which are known to be
neurotoxic, causing Parkinson’s disease-like symptoms.[45]

Hit compound 3 a (Table 3) was identified from the Chem-
Bridge library and is characterized by a 2-methylquinolin-4-
amine core structure. As very few commercially available
analogs of the quinoline core were available, only a limited SAR
survey for this scaffold was performed and will need to be
explored further in future studies. Compared to the initial hit
molecule 3 a, the loss of the 6,8-dimethyl substitutions in the
quinoline core (3 b) decreased potency 4-fold and removing the
ethylene linker between the amine and the benzene ring
reduced potency 3-fold (3 a vs. 3 c). The 4-amino analog (3 d)
displayed little activity, and amide groups in place of the amine
were not tolerated (3 e and 3 f). Changing the attachment point
of the 2-phenylacetamide group from the 4-position to the 5-
position on quinoline 3 g also abolished activity. Although a
relatively limited number of analogs were explored, the current
data suggests that only subtle modifications are tolerated in
this series.

Hit series 4 (Table 4) features a N,4-diphenylpiperazine-1-
carboxamide core. Concentration-dependent decreases in pro-
gesterone-induced calcium uptake for compound 4 a (Figure 4)

Table 1. Guanidinium hit series 1 SAR determined in the human sperm
calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

1 a H 5.4�0.6

1 b H 9.1�0.4

1 c H 67�12

1 d H >100

1 e 23�6

1 f 7.8*

1 g >100

1 h 26*

1 i 8.1*

1 j >100*

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments. *IC50 values are means of two
independent experiments.

Table 2. Piperidine hit series 2 SAR determined in the human sperm
calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

2 a Cl 7.5�1.3

2 b H 92�14

2 c Cl 18�2

2 d 18�7

2 e Cl >100

2 f Cl >100

2 g Cl >100

2 h Cl >100*

2 i Cl >100*

2 j Cl 87*

2 k >100*

2 l >100*

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments. *IC50 values are means of two
independent experiments.
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and selected analogs in this series with a range of potencies are
shown in Figure 5. The most potent compounds, including

initial hit molecule 4 a and analogs 4 b and 4 c have halo-
genated, electron-withdrawing substituents on both benzene
rings. Removing either of the 3-trifluoromethyl groups on the
aromatic rings in compound 4 a abolished potency, as seen for
compounds 4 d and 4 e, and changing R2 to the 2-trifluorometh-
yl group (4 f) also abolished potency. Given the vast commercial
availability of this scaffold, a general Topliss scheme[46] for
aromatic substituents was followed in which analogs with
varying substitutions on the two benzene rings were explored.
Replacement of the 3-trifluromethyl groups in the R2 position
with 4-methyl (4 g), 4-chloro (4 h), and 4-methoxy (4 i) groups
resulted in inactive compounds. Other combinations of aro-
matic substitution, like those observed for compounds 4 j, 4 k,
and 4 l also led to weak or inactive analogs. Furthermore,
replacing the phenylurea in 4 a with a N,N-diethylurea group
seen for 4 m reduced activity 8-fold. Changing to a pyridine
(4 n) resulted in a complete loss of activity. The data suggest
that electron withdrawing groups in the 3-position of both
aromatic rings are favored, but that substitution with electron
withdrawing groups in the 4-position, as seen with 4 b, should
be explored further. Notably, derivatives of the N,4-diary-
lpiperazine-1-carboxamide core, have been described as ago-
nists and antagonists for the transient receptor potential
vanilloid receptor 1 (TRPV1) calcium ion channel,[47] indicating
that this scaffold could interact with multiple ion channels.

Hit series 5 (Table 5) is based on an alkylated benzimidazo-
lidin-2-iminium core and most analogs tested in this series had
similar potencies in the single or double digit micromolar range.
Similar benzimidazoles are part of the so-called Malaria Box that
has been used to find antimalarial agents.[48] Replacement of
the dimethylaminomethyl substituent of initial hit compound
5 a with a methyl group at R2 (5 b) increased potency slightly,
whereas shortening to an ethyl group from the propyl chain
reversed this trend (5 c vs. 5 b). The western phenyl moiety
displayed an obvious SAR trend favoring electron withdrawing
substitutions, since changing from a weakly electron-withdraw-
ing 4-bromo group to 4-unsubstituted and further to the
strongly donating 4-methoxy group (5 a to 5 d to 5 e) resulted
in increasing losses of potency. A similar but less pronounced
trend is noticed with analogs 5 f through 5 h, each carrying a
piperidine moiety instead of a dimethylaminomethyl group. A
piperidine group is tolerated as an R2 substituent, as seen in 5 h,

Table 3. Quinolone hit series 3 SAR determined in the human sperm
calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

3 a Me 3.6�0.6

3 b H 15�2

3 c Me 10.7�0.3

3 d Me H 96�9

3 e Me >100

3 f H >100

3 g >100

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments.

Table 4. Biphenylpiperazine hit series 4 SAR determined in the human
sperm calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

4 a m-CF3 m-CF3 4.9�0.6
4 b p-F m-CF3 8.9�0.4
4 c m-CF3 m-Cl 6.0�0.4
4 d m-CF3 H >100
4 e H m-CF3 >100
4 f m-CF3 o-CF3 >100
4 g m-CF3 p-Me >100
4 h m-CF3 p-Cl >100
4 i m-CF3 p-OMe >100
4 j m-Me o-CF3 >100
4 k p-Me o-CF3 >100
4 l o-Me o-CF3 64�18

4 m 39*

4 n >100

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments. *IC50 value is the mean of two
independent experiments.

Figure 5. Inhibition of progesterone-induced calcium uptake in human
sperm by selected analogs in hit series 4. Data presented as the mean of 3
independent experiments (except 4 m, n=2) with error bars representing
the SEM.
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even while retaining the strong electron-donating p-methoxy
group at R1. Compound 5 f, 5 i, and 5 j show improved potencies
over initial hit compound 5 a. Further, cyclization of the side
chain observed in 5 k is tolerated. In general, this series contains
several analogs with up to 3.5-fold improvement in potency
over initial hit 5 a. Hit series 5 contains a dialkylarylguanidinium
group, a known pore blocker of cationic channels,[49–51] suggest-
ing that identifying selective CatSper blockers in this series may
be challenging.

Hit series 6 contains a phthalazinone core, exemplified by
HTS hit 6 a or azelastine, a histamine H1 receptor antagonist
(Table 6) that also inhibits histamine release from mast cells and
is used in a nasal spray.[52] The only compound in this series that
retained activity was 6 b, the N-desmethyl analog of the hit
compound, which is an active metabolite of azelastine. The
multiple changes in compounds 6 c–6 e resulted in complete
loss of potency. Limited commercial availability of analogs of
these compounds precluded a thorough study and description
of the SAR of this scaffold. Further synthetic endeavors would
be needed to explore this scaffold, taking into consideration
that azelastine is a potent blocker of the hERG channel.[53]

Hit series 7 (Table 7) is characterized by a triazolopyridazine
core with flanking benzene and piperidine rings. Preliminary
SAR studies explored the position of the methyl group on the
phenyl moiety (R1), while also testing a range of amines at the

piperidine amide. The majority of compounds tested within this
series displayed potencies similar to initial hit molecule 7 a,
except aliphatic amine 7 b; this compound was the only R2

substitution not bearing an amine on its side chain. As seen in
compounds 7 c–7 e, little effect on potency was observed for
cyclization of the terminal amine, although dimethyl amine 7 c
was 3-fold less potent, suggesting hydrophobic interactions are
beneficial. Extending the terminal nitrogen by one carbon in 7 f
reduced potency threefold relative to 7 d, suggesting a

Table 5. Benzimidazolidin-2-iminium hit series 5 SAR determined in the
human sperm calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

5 a p-Br 12�2

5 b p-Br Me 7.7�0.1
5 c p-Br H 19�3

5 d H 71�1

5 e p-OMe >100

5 f m-Br 3.4�0.4

5 g H 9.8�1.4

5 h p-OMe 12*

5 i m,p-(Cl)2 5.0�1.1

5 j m,p-(Cl)2 4.1*

5 k 14�2

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments. *IC50 value is the mean of two
independent experiments.

Table 6. Phthalazinone core hit series 6 SAR determined in the human
sperm calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

6 a 5.4�0.4

6 b 8.3�1.1

6 c >100

6 d >100

6 e >100

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments.

Table 7. Triazolopyridazine hit series 7 SAR determined in the human
sperm calcium influx assay.[a]

Compd R1 R2 IC50 [μM]

7 a m-Me 20�1

7 b m-Me >100

7 c m-Me 58�5

7 d p-Me 25�3

7 e p-Me 21.7�0.4

7 f p-Me 68�6

7 g m-Me 35�10

[a] CatSper activated by 3 μM progesterone. IC50 values are means�SEM
of three independent experiments.
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reduction in hydrogen bonding. Somewhat surprisingly, a
piperidine sidechain (7 g) retained potency despite lacking a
terminal nitrogen, perhaps by providing a hydrogen bond
acceptor. No improvement in potency over initial hit 7 a was
observed for any analogs tested, but the consistent activity of
several analogs indicates this scaffold is amenable to changes
and may present opportunities for future efforts.

Mode of inhibition studies

Progesterone activates CatSper indirectly by stimulating activity
of the lipid hydrolase ABDH2, which removes tonic inhibition of
CatSper by 2-achrachidonoylglycerol (2-AG).[54] This finding
indicates that the screening hits could inhibit progesterone-
induced activation of ABHD2 rather than acting directly at the
CatSper channel. To distinguish between these two possibilities,
the effect of increasing concentrations of inhibitors on the
dose-dependent activation of CatSper by progesterone was
determined (Figure 6). Inhibitors acting directly at CatSper are
expected to reduce the maximum level of progesterone-

induced activation, whereas reduced progesterone potency
would indicate competitive inhibition of progesterone activa-
tion of ABDH2. All hit scaffolds produced insurmountable
inhibition consistent with direct blockade of the channel, rather
than indirect inhibition of ABHD2 activation, consistent with
their structural dissimilarity to the steroid hormone. Moreover,
representative members of all seven hit classes blocked CatSper
activated by high potassium/high pH (Table S1) with similar
potencies to those determined for progesterone-induced
CatSper inhibition (Tables 1–7), suggesting that their mecha-
nism of inhibition is unrelated to antagonism of progesterone
activation of ABHD2.

Electrophysiological confirmation

To confirm that the compound-induced reduction in intra-
cellular calcium is due to CatSper blockade, we turned to whole
cell patch clamp electrophysiology to measure CatSper-depend-
ent currents in human sperm. Baseline ICatSper was monitored in
cesium divalent free media (CsDVF) followed by addition of

Figure 6. Hit compounds from seven series, NNC 55-0396, and mibefradil produce an insurmountable inhibition of progesterone-induced calcium increases in
human sperm. Concentration-response curves for progesterone-induced calcium fluorescence in sperm in the presence of fixed concentrations of compounds.
The data are presented as the mean of three independent experiments with error bars representing the SEM.
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10 μM test compound. After the voltage ramp to elicit current,
compound washout was initiated by flowing CsDVF media
through the chamber to observe if any effects on ICatSper were
reversible. As shown in Figure 7 and Table S2, the most potent
inhibitors of calcium influx in the FLIPR assay from hit series 2
through 7 all partially or completely block ICatSper at 10 μM.

Representative ICatSper traces for each hit scaffold indicate that all
blockers reduce both inward and outward ICatSper (Figures 7 and
S1-S5). As seen in the current density plot in Figure 7,
compounds 3 a and 6 b show near complete inhibition of the
inward ICatSper at 10 μM. Compounds 4 a and 7 a display 84% and
89% block, respectively, whereas 2 a and 5 f are the least
effective blockers (65% and 47% inhibition, respectively). The
block by all tested compounds was reversible when washed out
with CsDVF, except 5 f, which produced an apparent irreversible
loss of channel function (data not shown), similar to mibefradil
and NNC 55–0396 reported previously.[20,21] In all cases, each
tested compound appeared more potent in the electrophysiol-
ogy experiments than the FLIPR assay.

Computer-aided sperm analysis

Computer-aided sperm analysis (CASA) utilizes recordings of
sperm cells to determine several kinematic parameters, includ-
ing total, progressive and HAM; HAM is of particular interest, as
it results directly from CatSper activation. While several scaffolds
had minimal effects on total and progressive motility, com-
pounds 4 a, 5 f, and 7 a substantially reduced both total and
progressive motility at 10 μM (Figure 8). As described below,
these compounds were more potent inhibitors of HAM,
suggesting that they selectively block CatSper, although they
may interfere with other molecular targets at higher concen-
trations. Similar attenuation of progressive motility has been
observed with NNC 55–0396,[55] suggesting that this CatSper
blocker has nonspecific effects on sperm.

To determine the effect of compounds on HAM, we
established reliable conditions to generate dose-dependent
increases in populations of sperm displaying HAM based on
previous reports.[13,36, 37, 56] The ability of each scaffold to diminish
HAM elicited by 100 nM progesterone is shown in Figure 9A
and 100 nM PGE1 in Figure 9B. Each tested compound generally
had a more pronounced HAM inhibition induced by PGE1 than

Figure 7. Inhibition of human ICatSper by compounds from each hit series. A.
Representative ICatSper recording from human sperm in cesium divalent free
media (CsDVF) elicited by the voltage ramp in the absence (black) and
presence (purple) of test compound 2 a. Baseline signal in high saline (HS)
buffer shown in grey. B. Current density plots of tested compounds showing
inhibition of ICatSper at +80 mV (positive scale) or � 80 mV (negative scale).
Data are displayed as means�SEM of at least 3 independent experiments.

Figure 8. Effect of compounds from each hit series on total and progressive motility determined by CASA. Increasing concentrations of compounds were
incubated for 4 h with human sperm after which time total (solid fill) and progressive (dotted fill) were measured. Data are plotted as a percent of total sperm
population and are the mean�SEM of at least 3 individual experiments. **p <0.005, ***p <0.0005 and ****p <0.0001.

ChemMedChem
Full Papers
doi.org/10.1002/cmdc.202000499

ChemMedChem 2022, 17, e202000499 (8 of 15) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Montag, 01.08.2022

2215 / 253084 [S. 88/95] 1



progesterone, suggesting specific differences in CatSper-medi-
ated HAM. With respect to progesterone-induced HAM, all
scaffolds showed a prominent decrease at 10 μM, though only
the reduction by compounds 4 a, 6 b, and 7 a was statistically
significant. In the presence of 100 nM PGE1, all compounds
produced robust inhibition of HAM at 1 μM, and scaffold 2 a
greatly reduced HAM at 100 nM, representing one of the most
potent inhibitors of HAM reported to date.

Cytotoxicity studies

To exclude the possibility that the effects observed from these
compounds are the result of cytotoxicity, cell viability experi-
ments were performed on the most potent compound from
each series as well as reference compounds mibefradil and NNC
55–0396 (Figure 10, Table 8). The assays were performed using

human sperm and IMR-90 fibroblasts, the latter serving as a
non-transformed, non-germline control. All compounds had

Figure 9. Compounds from each hit series inhibit hyperactivated motility measured by CASA. A. Progesterone-induced HAM. B. PGE1-induced HAM.
Compounds at the indicated concentration were incubated with human sperm in the presence of progesterone or PGE1 and HAM was measured after 4 h.
Data are plotted as a percent of total sperm population and are the mean�SEM of at least 3 individual experiments. *p <0.05, **p <0.005.

Table 8. Cytotoxicity profiling of most potent hits and reference com-
pounds.[a]

Compound Cytotoxicity: IC50 [μM]
Sperm IMR-90

Mibefradil 25�2 22�1
NNC 55–0396 62�21 13�2
1 a >100 >100
2 a >100 >100
3 a >100 96�5
4 a >100 >100
5 f >100 83�14
6 b 84�10 68�5
7 a >100 >100

[a] Cytotoxicity was measured using AlamarBlue fluorescence. IC50 values
are the mean�SEM of three independent experiments. *Compounds
increased fluorescence at higher concentrations.
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little or no effect on sperm viability at concentrations at which
full CatSper inhibition was observed, indicating that the
observed CatSper inhibition is not due to a cytotoxic effect in
sperm. IMR-90 cells also remained viable up to 100 μM,
although compounds 2 a and 6 b appear to reduce viability
slightly at concentrations fully inhibiting CatSper, suggesting a
lower therapeutic window for these scaffolds. These AlamarBlue
viability assays were performed at 2 h to allow for adequate
fluorescent signal generation. As such, it is unlikely that a
compound exhibiting minimal cytotoxicity at this time point
would show any cytotoxicity after 10 min in the FLIPR assay. In
contrast, reference compounds mibefradil and NNC 55–0396
both display a low separation between their potencies for
blocking calcium influx and cytotoxicity, indicating that caution
should be used when interpreting data generated with these
commonly used CatSper blockers.

Selectivity studies

Assessing the selectivity of hit compounds is an important step
in probe and drug discovery to identify the most promising
series of compounds for further analog design and synthesis.
We have previously shown that sperm of mice lacking SLO3
have reduced motility and are infertile.[57] SLO3 is expressed
only in spermatozoa and therefore has been identified as an
important potential target for non-hormonal male contra-

ception. SLO3 is the main voltage-gated K+ channel in mouse
and human sperm cells[58,59] and is activated by membrane
depolarization, increase in pHi and, in human sperm, by
intracellular calcium.[60] SLO3-dependent K+ efflux, which
initiates cell membrane hyperpolarization, is involved in the
regulation of voltage-sensitive ion channels like CatSper.[60]

The seven compounds were tested on HEK293 cells co-
expressed with human SLO3 and LRRC52 at a concentration of
10 μM (Figure 11). LRRC52 is an auxiliary subunit of SLO3, co-
expressing with SLO3 channels. It is required for physiological
expression and voltage activation of SLO3. Compound 1 a has
no significant effect on hSLO3 currents at +60 mV, the current
in the presence of 1 a was 101.5�6.4% of control (n=5, p=

0.737); however, the other 6 compounds all significantly
inhibited hSLO3 currents at +60 mV. In the presence of 2 a, the
current was 72.2�12.9% of control (n=5, p=0.013); in the
presence of 3 a, the current was 58.5�12.5% of control (n=5,
p=0.001); in the presence of 4 a, the current was 24.6�9.1% of
control (n=5, p=0.002); in the presence of 5 f, the current was
83.2�7.8% of control (n=5, p=0.006); in the presence of 6 b,
the current was 66.3�8.5% of control (n=5, p=0.008); in the
presence of 7 a, the current was 37.5�5.6% of control (n=5,
p=0.001).

In addition, we tested the ability of each compound to
inhibit the ion channels hCav1.2, hNav1.5, and hERG (Table 9).
Not only are hCav1.2, hNav1.5, and hERG representative
members of the calcium, sodium, and potassium channel

Figure 10. Activity and cytotoxicity of seven potent compounds from each hit series and two reference compounds. Activity is expressed as the percent of
control calcium-dependent fluorescence elicited by progesterone and high potassium-induced activation of CatSper in human sperm. Cytotoxicity indicated
by the reduction in viability of in both human sperm and IMR-90 fibroblasts using the AlamarBlue assay.
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families, but hCav1.2 and hNav1.5 are the most commonly
profiled ion channels after hERG when assessing cardiac risk. In
particular, hCav1.2, hNav1.5, and hERG are the minimum set of
ion channels required for reliable prediction of the drug-
included ventricular arrhythmia known as Torsades de

Pointes.[61] Fixed concentration (10 μM) data indicate that the
most potent compounds from series 2–7 are selective for
CatSper over hCav1.2, however only compound 7 a is selective
for CatSper over all three of these off-target ion channels
implicated in cardiotoxicity.

Conclusion

In this study, a high-throughput screen was performed using an
innovative calcium influx assay in human sperm. From the
72,000 compounds screened, seven hit scaffolds were recon-
firmed and validated using endogenous CatSper openers
progesterone and PGE1. The SAR of these scaffolds was
explored using commercially available analogs. For several hit
series (2, 3 and 6), narrow, shallow SAR patterns persisted and
only limited increases in potency were observed, while many
analogs were inactive. In other hit series (1, 4, 5, 7), SAR
patterns emerged that provide opportunities for future chem-
ical biology and drug development efforts.

Promising compounds from each hit series were validated
for their effects on CatSper by human sperm electrophysiolog-
ical and motility assays. Little or no cytotoxicity in both human
sperm and somatic cells was observed. These assays confirmed
the CatSper-specific action of these scaffolds, which likely block
the CatSper channel directly, rather than via an indirect effect
on ABHD2. We also showed that except for 1 a, all tested

Figure 11. Effects of test compounds on human Slo3 currents. Whole-cell recordings were carried from HEK cells stably transfected with human SLO3 and its
auxiliary subunit LRRC52. Currents were evoked from a holding potential of � 60 mV by steps from � 80 to +150 mV in 10 mV increments. (A to G)
Representative whole-cell currents in the absence (control) or presence of 10 μM test compounds. Current trace at +60 mV is depicted in red. Each compound
was tested against 5 cells. (H) Averaged fractional unblock recorded at +60 mV in the presence of indicated test compounds. Fractional unblock was
determined by dividing current amplitudes in the presence of test compounds by the amplitude in the absence of the corresponding compound from the
same cell. Data are represented as mean�SEM from 5 cells for each compound. *p<0.05.

Table 9. Ion channel profiling of most potent hits and reference antago-
nists.

Compound Inhibition at 10 μM [%]
CatSper[a] hSlo3[b] hCav1.2[c] hNav1.5[d] hERG[e]

Dofetilide NA NA NA NA IC50=

16 nM[f]

Nifedipine NA NA IC50=

0.13 nM
NA NA

Verapamil NA NA NA IC50=

10 μM
NA

1 a NA � 2 4 68 92
2 a 73 28 39 77 100
3 a 96 42 10 94 100
4 a 83 75 65 95 85
5 f 59 17 14 66 99
6 b 100 34 27 62 97
7 a 93 62 � 9 9.9 58[f]

NA=not applicable; [a] CatSper data from Figure 7, n=3 independent
experiments; [b] HEK293 cell line stably expressed with hSlo3 and LRRC52,
assay performed by manual patch-clamp, n=5 cells; [c] hCAV1.2 tested in
stably expressed cell line using a FLIPR assay protocol, n=2 cells; [d] CHO
cell line stably expressing hNAV1.5, assay performed by manual patch-
clamp, n=2 cells; [e] HEK293 cell line stably expressed with hERG gene,
assay performed by manual patch-clamp, n=2 cells; [f] n=2 independent
experiments.
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compounds inhibited hSLO3 currents and that compounds 4 a
and 7 a were the most potent inhibitors reducing hSLO3 current
to 25% and 38% of control, respectively. In addition, we tested
the seven hits for inhibition of ion channels hCav1.2, hNav1.5,
and hERG and found that compound 7 a is the most selective
hit compound with little inhibition of hCav1.2, hNav1.5 and
moderate inhibition of hERG at 10 μM concentration. Com-
pound 7 a is therefore an excellent candidate for further study
because of its selectivity for both CatSper and Slo3 that could
provide a dual inhibitor series with high potential for sperm
motility inhibition.

Currently, the field relies predominantly on two ion channel
blockers, mibefradil and NNC 55–0396, for pharmacological
blockade of CatSper. These structurally closely related com-
pounds likely have substantial off-target activity based on
reported reduction in progressive motility and prominent
cytotoxicity in human sperm as well as IMR-90 fibroblasts. This
work substantially increases the chemical diversity of CatSper
blockers, which will aid the investigation of this complex ion
channel that is crucial for reproduction. These compounds
represent promising starting points for chemical probes to
understand the biology of reproduction and the development
of male contraceptive agents.

Experimental Section

General chemical information

The identity and purity of all repurchased hit compounds and
analogs was confirmed by 1H NMR and UPLC/MS. All compounds
were >95% pure except for compound 6 b, which had a purity of
92%.

3-Amino-5-(azepan-1-yl)-6-chloro-N-(diaminomethylene)pyrazine-
2-carboxamide (1 a): 1H NMR (400 MHz, DMSO-d6) δ 8.05 (br s, 2H),
6.70 (br s, 2H), 4.04 (s, 2H), 3.71 (t, J=6.0 Hz, 4H), 1.77 (p, J=5.4 Hz,
4H), 1.52 (p, J=2.7 Hz, 4H). 96% purity determined by HPLC. ESI/MS
calcd for C12H18ClN7O [M+H]+ 312.13, found 312.13.

4-(4-Chlorophenyl)-1-(1H-indol-3-ylmethyl)-4-piperidinol (2 a): 1H
NMR (400 MHz, MeOD) δ 7.68 (d, J=7.9 Hz, 1H), 7.48 (d, J=9.0 Hz,
2H), 7.38 (d, J=8.0 Hz, 1H), 7.32 (d, J=8.0 Hz, 2H), 7.28 (s, 1H), 7.12
(td, J=7.0 Hz, 1H), 7.06 (td, J=7.0 Hz, 1H), 3.85 (s, 2H), 2.92 (ddd,
J=11 Hz, 2H), 2.67 (ddd, 2H), 2.11 (ddd, J=13, 13, 4 Hz, 2H), 1.73
(ddd, 2H). 98% purity determined by HPLC. ESI/MS calcd for
C20H21ClN2O [M+H]+ 341.13, found 341.16.

(2,6,8-Trimethyl-N-(2-phenylethyl)-4-quinolinamine (3 a): 1H NMR
(400 MHz, CDCl3) δ 7.38–7.32 (m, 2H), 7.29–7.26 (m, 4H), 7.15 (s, 1H),
6.37 (s, 1H), 4.81 (br s, 1H), 3.56 (td, J=7.1, 5.4 Hz, 2H), 3.05 (t, J=
7.0 Hz, 2H), 2.72 (s, 3H), 2.62 (s, 3H), 2.42 (s, 3H). 13C NMR (100 MHz,
CDCl3) δ 157.5, 149.0, 145. 8, 138.8, 136.6, 132.8, 131.4, 128.8, 126.7,
117.1, 116.0, 99.2, 44.3, 35.1, 26.1, 21.7, 18.5. 99% purity determined
by HPLC. ESI/MS calcd for C20H22N2 [M+H]+ 291.18, found 291.26.

N,4-Bis(3-(trifluoromethyl)phenyl)piperazine-1-carboxamide (4 a):
1H NMR (400 MHz, DMSO-d6)

1H NMR (400 MHz, DMSO) δ 8.97 (s,
1H), 7.95 (s, 1H), 7.77 (d, J=8.0 Hz, 1H), 7.48 (t, J=7.8 Hz, 1H), 7.45
(t, J=8.0 Hz, 1H), 7.28 (d, J=8.0 Hz, 2H), 7.24 (s, 1H), 7.11 (d, J=
7.6 Hz, 1H), 3.64 (t, J=5.2 Hz, 4H), 3.30 (t, J=5.0, 4H). 97% purity
determined by HPLC. ESI/MS calcd for C19H17F6N3O [M+H]+ 418.13,
found 418.17.

1-(3-Bromophenyl)-2-(2-imino-3-(2-(piperidin-1-yl)ethyl)-2,3-dihy-
dro-1H-benzo[d]imidazol-1-yl)ethan-1-ol (HCl salt form) (5 f): 1H
NMR (400 MHz, DMSO-d6) δ 10.87 (br s, 1H), 9.18 (s, 2H), 7.88-7.79
(m, 2H), 7.70 (d, J=7.2 Hz, 1H), 7.62 (d, J=7.7 Hz, 1H), 7.54 (d, J=
8.0 Hz, 1H), 7.41–7.35 (m, 3H), 5.94 (d, J=4.3 Hz, 1H), 5.06–4.94 (m,
1H), 4.76 (t, J=7.8 Hz, 2H), 4.32 (d, J=6.5 Hz, 2H), 3.57 (d, J=
12.0 Hz, 2H), 3.45–3.39 (m, 2H), 3.10–2.97 (m, 2H), 1.92–1.69 (br m,
5H), 1.51–1.34 (br m, 1H). 99% purity determined by HPLC. ESI/MS
calcd for C22H27BrN4O [M+H]+ 443.14, found 443.16.

2-(Azepan-4-yl)-4-(4-chlorobenzyl)phthalazin-1(2H)-one (6 b): 1H
NMR (400 MHz, CDCl3) δ 8.45 (d, J=5.9 Hz, 1H), 7.73–7.67 (m, 3H),
7.29–7.27 (d, J=8.4 Hz, 2H), 7.20 (d, J=8.4 Hz, 2H), 5.36 (p, J=
7.9 Hz, 1H), 4.27 (s, 2H), 3.47–3.38 (m, 1H), 3.34–3.23 (m, 1H), 3.20–
3.09 (m, 2H), 2.48–2.24 (m, 2H), 2.23–2.11 (m, 2H), 2.10–1.81 (m, 3H).
92% purity determined by HPLC. ESI/MS calcd for C21H22ClN3O [M+

H]+ 368.15, found 368.19.

N-(2-(Diethylamino)ethyl)-1-(3-(m–tolyl)-[1,2,4]triazolo[4,3-
b]pyridazin-6-yl)piperidine-4-carboxamide (7 a): 1H NMR (400 MHz,
acetone-d6) δ 8.40 (s, 1H), 8.36 (d, J=7.8 Hz, 1H), 8.00 (d, J=
10.1 Hz, 1H), 7.45 (t, J=7.7 Hz, 1H), 7.38 (d, J=10.2 Hz, 1H), 7.33 (d,
J=7.7 Hz, 1H), 6.96 (br s, 1H), 4.36 (d, J=13.4 Hz, 2H), 3.28–3.15 (m,
4H), 2.62–2.48 (m, 7H), 2.46 (s, 3H), 1.99–1.80 (m, 4H), 0.99 (t, J=
7.1 Hz, 6H). 13C NMR (101 MHz, MeOD) δ 177.4, 156.9, 148.7, 144.7,
139.6, 131.9, 129.7, 129.1, 127.5, 125.7, 124.9, 116.8, 52.6, 48.2, 47.0,
44.1, 37.7, 29.1, 21.6, 11.5. 98% purity determined by LC. ESI/MS
calcd for C24H33N7O [M+H]+ 436.27, found 436.25.

Isolation of human sperm

Semen samples for the human sperm studies were obtained from
volunteers with informed consent. The protocol was approved by
the Institutional Review Board of the University of Minnesota: IRB
protocol #1102 M96152. Sperm were isolated by centrifugation for
FLIPR and cytotoxicity assays or “swim-up” for CASA and electro-
physiology. Sperm samples were subjected to basic semen analysis
to establish sperm motility and cell density using a hemocytometer.
Centrifugation. Freshly collected semen from male donors was
incubated at 37 °C with gentle shaking for up to 60 min to allow
complete liquefaction. The sample was washed twice with human
tubal fluid (HTF) buffer, followed by centrifugation (800×g, 25 °C,
10 min) and the resulting sperm pellet was re-suspended in Low/
Low (low pH/low K+) buffer (typically 10 mL per plate assayed).
Low/Low buffer contained (in mM): 101 NaCl, 4.69 KCl,
0.198 MgSO4 ·7 H2O, 0.36 KH2PO4, 24.99 NaHCO3, 0.32 sodium
pyruvate, 2.78 glucose, 94.08 sodium lactate, 0.2 CaCl2 · 2 H2O.
“Swim-up”. Human semen was allowed to liquefy at 37 °C for at
least 40 min. Concomitantly, conical tubes containing 5 mL of
HAMs� F10 (Millipore Sigma, N2147, sodium bicarbonate free) were
warmed to 37 °C at a 45° angle. After liquefaction, 1 mL of sample
was layered beneath the buffer in each tube and the tubes were
incubated at 37 °C under 5% CO2 for 1 h. The top 2 mL of buffer
from each tube was then removed and combined. Sperm prepared
using the swim-up method were used further only if motility was
confirmed. For both methods, if a cell density of�10x106 cell/mL
was not achieved, the sample was centrifuged at 400×g for 7 min,
and the pellets were resuspended in the appropriate buffer volume
to achieve�10×106 cells/mL.

High-throughput calcium influx assay

Sperm isolated by centrifugation were resuspended in Low/Low
buffer containing 10 μM Fluo-4-AM and, when present, 1 mM
probenecid to prevent dye efflux for a dye-loading period of
30 min in the dark at RT. Following a final wash, the sample was
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resuspended in Low/Low buffer and 10 μL of dye-loaded sperm (2–
5×106 cells/mL) was dispensed using a MultiDrop Combi (Thermo
Scientific) into black, clear-bottom 384-well assay plates (Corning
3683). A separate 384-well compound microplate contained test
compound at 2.5x final concentration in Low/Low buffer prepared
using a Labcyte Echo® 550 acoustic dispenser. A separate 384-well
buffer microplate was also prepared containing buffers to either
induce opening of the CatSper channel (activation buffer) or not
(control buffer), corresponding to high and low controls, respec-
tively. Following transfer of the plates to a FLIPR Tetra (Molecular
Devices), the assay plate fluorescence was monitored at 470–
495 nm (excitation) and 515–575 nm (emission) at 2.5 s intervals.
Baseline measurements were taken for 0.5 min, followed by
addition of 10 μL test compound from the compound plate using
the FLIPR 384-pipette head. After a 2 min compound binding
period (phase 1), 5 μL from the buffer plate was transferred to the
sperm assay plate and fluorescence monitored for an additional 2–
4 min (phase 2).

For primary HTS data analysis, the resulting RFU values were loaded
into ActivityBase (IDBS v.8.0) and % inhibition values for com-
pounds at 10 μM (n=1) were calculated at 240 s post activation
relative to the high and low controls. Compounds producing a %
inhibition between 60 and 110% were identified as hits using
SARview (IDBS, v.7.3). IC50 values for hits cherry-picked from the HTS
library DMSO stocks were determined from 8-point, 5-fold serial
dilutions of compound covering a range of 62.5 μM to 0.8 nM in
duplicate. Percent inhibition was calculated with traces zeroed at
the compound addition step. FLIPR traces for compounds showing
well-defined sigmoidal log concentration-response curves with IC50

values of <55 μM were examined to eliminate those showing
substantial increases or decreases in RFU during the first phase of
the trace following compound addition, e.g., due to autofluor-
escence molecules or fluorescence quenchers, respectively. In
parallel, an assessment of these compounds based on properties
such as undesirable chemical functionalities, chemical tractability,
hydrophobicity, and synthetic feasibility was performed.

Progesterone-induced calcium uptake assay and competition
assays

The progesterone activation assay was identical to the HTS assay,
except that progesterone (3 μM) in Low/Low buffer was added to
the assay plate instead of activation buffer. Repurchased com-
pounds were tested in 8-point, half-log serial dilutions in duplicate
covering a range of 32 nM to 100 μM. For the progesterone
competition studies, progesterone dose response experiments (9.5
to 30 μM) were performed in the presence of four concentrations of
test compound. Calcium-dependent fluorescence was monitored in
the FLIPR as described for the HTS assay, except that phases 1 and
2 were both 5 min.

Electrophysiology

Electrophysiology experiments using human sperm were performed
as described previously.[62] Briefly, a gigaohm seal between the
patch pipette and human spermatozoon was formed at the
cytoplasmic droplet using a flame polished pipette with intrinsic
resistances of 12 to 18 MΩ. Seals were formed in high saline (HS)
solution containing (in mM): 130 NaCl, 5 KCl, 1 MgSO4, 2 CaCl2, 5
glucose, 1 sodium pyruvate, 10 lactic acid, and 20 HEPES, pH 7.4
adjusted with NaOH. The osmolarity of the solution was confirmed
to be between 317 to 320 mOsm/liter. Transition to the whole-cell
mode was performed by applying 1 ms, 450 mV pulses. Access
resistance was between 30 to 90 MΩ. ICatSper was elicited by a
voltage ramp of � 80 mV to +80 mV from a holding potential of

0 mV. Cells were stimulated every 3 s. Data were sampled at 5 kHz
and filtered at 1 kHz. HS solution was used to record baseline
current. Pipettes recording monovalent CatSper currents were filled
with CsDVF medium containing (in mM): 130 Cs-methanesulfonate,
70 HEPES, 3 EGTA, 2 EDTA, 0.5 TrisHCl, pH 7.4 adjusted with CsOH.
Bath divalent free (DVF) solution for recording of monovalent
CatSper currents contained (in mM): 140 Cs-methanesulfonate, 40
HEPES, 1 EDTA, pH 7.4 adjusted with CsOH. Upon break-in to whole
cell mode, bath solution was changed to CsDVF to measure the
control ICatSper current, followed by a switch to CsDVF containing
indicated compound concentration for ~8–10 s to measure the
inhibited ICatSper current. Osmolarities of the bath and pipette
solutions were approximately 321 mOsm/liter and 335 mOsm/liter,
respectively. All experiments were performed at RT.

Computer-aided sperm analysis

Viable human spermatozoa were selected by swim-up. Samples
were discarded if there was a loss of motility following the final
centrifugation step determined by computer-assisted sperm analy-
sis (CASA, HTM-IVOS sperm analysis system, version 12.3, Hamilton
Thorne Biosciences, Beverly, MA). CASA analysis including determi-
nation of average path velocity (VAP, μm/s), straight-line velocity
(VSL, μm/s,) and curvilinear velocity (VCL, μm/s). From these
measurements, linearity of progression [LIN= (VSL/VCL) ×100] and
straightness [STR= (VSL/VAP) ×100] were determined and used to
calculate total and progressive motility and to determine the
population of cells displaying hyperactivated motility (%HAM). For
capacitation experiments, cells were suspended in HAM’s-F10
containing 5% (w/v) BSA, 15 mM NaHCO3, and 100 nM progester-
one or PGE1 and incubated for 3.5 h at 37 °C in 5% CO2 either in the
presence of compound or DMSO vehicle. Data is given as the
respective percent of the whole population and reflects the average
of�3 independent experiments�SEM. All experiments were
performed at 37 °C and a minimum of 10 fields of view were
analyzed containing at least 200 cells total for each condition.

Cytotoxicity assays

Cell viability was measured in both human sperm and IMR-90
fibroblasts using AlamarBlue®. Human sperm prepared using the
centrifugation method were brought up in Low/Low buffer. IMR-90
lung fibroblast cells purchased from ATCC were cultured for 2
weeks in EMEM supplemented with 10% FBS and split 2–4 days
prior to the experiment. IMR-90 cells were detached using trypsin-
EDTA (0.25%/0.53 mM) and re-suspended in culture medium. For
both cell types, 20 μL of cell suspension was dispensed into black,
clear-bottom 384-well assay plates (Corning 3683) containing 20 μL
of test compounds at 2.2x in Low/Low buffer. Compounds were
tested at 8 concentrations using half-log dilutions in duplicate, with
100 μM to 32 nM final compound concentrations. AlamarBlue
reagent (4 μL) was added and the assay plate was incubated at
37 °C. Fluorescence readings were taken at 15 min intervals over
3 h for sperm or 30 min intervals over 7 h for IMR-90 cells using a
SpectraMax® M2e plate reader (Molecular Devices) at 560/590 nm
(ex/em).

Data analysis

IC50 values for calcium influx and cytotoxicity studies were
determined using Prism 7.0.5 (GraphPad, San Diego, CA, USA).
Statistical analysis of the CASA and electrophysiology data was
conducted by one-way ANOVA followed by Dunnett’s multiple
comparisons test to identify statistically significant differences using
Prism.
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Methods for SLO3 inhibition

Cell culture: HEK-293 cells stably expressing SLO3 and LRRC52 were
provided by Jerod Denton (Vanderbilt University) and maintained
in DMEM complete, composed of Dulbecco’s Modified Eagle
Medium supplemented with 700 μg/mL Zeocine, 10% FBS, and 1%
Penicillin-Streptomycin (Thermo Fisher Scientific). Cells were grown
on plastic Petri dishes and flasks at 37 °C and 5% CO2 in a Galaxy
170 S incubator (Eppendorf). Prior to patching, flasks at ~80%
confluence were rinsed with Hank’s balanced salt solution followed
by disassociation with trypsin-EDTA (Thermo Fisher Scientific).
Suspended cells were diluted in DMEM complete and distributed to
9.2 cm2 Petri dishes coated with 1 μL 2% Matrigel® Basement
Membrane Matrix (Corning) in Minimum Essential Medium (Thermo
Fisher Scientific).

Electrophysiology: Voltage-clamp recordings were performed using
an Axopatch 200B amplifier (Molecular Devices). Recordings were
filtered at 2 kHz with the amplifier internal filter and digitized at
10 kHz using a Digidata 1550B digitizer (Molecular Devices). Record-
ing pipettes were pulled from borosilicate glass with tip resistances
of 2–3 MΩ after filling with pipette solution containing (in mM):
140 KOH, 10 MES, 1 EGTA, 10 HEPES, pH 7.4 with KOH. Bath
solutions contained (in mM): 135 NaOH, 5 KOH, 1 MgCl2, 10 MES, 10
HEPES, 5 TEA, pH 7.4 with NaOH. In order to exclude endogenous
potassium channels, 5 mM TEA was added to perfusion. Test
compounds were prepared daily from a 10 mM stock solution (in
DMSO). Data were analyzed with pClamp 10.6 (Molecular Devices).
Statistical analysis was performed with OriginPro 7.5 (OriginLab
Corporation). Mean values are presented as mean� SD in text and
mean� SEM in figures. Paired Student’s t tests were used to
compare whole-cell currents of cells before and after treatment
with test compounds. P<0.05 was considered statistically signifi-
cant.
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