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Calcium signaling is critical for successful fertilization. In spermatozoa, calcium influx
into the sperm flagella mediated by the sperm-specific CatSper calcium channel is nec-
essary for hyperactivated motility and male fertility. CatSper is a macromolecular com-
plex and is repeatedly arranged in zigzag rows within four linear nanodomains along
the sperm flagella. Here, we report that the Timem249-encoded transmembrane (TM)
domain—containing protein, CATSPERS is essential for the CatSper channel assembly
during sperm tail formation. CATSPER® facilitates the channel assembly by serving as
a scaffold for a pore-forming subunit CATSPER4. CATSPERGO is specifically localized
at the interface of a CatSper dimer and can self-interact, suggesting its potential role
in CatSper dimer formation. Male mice lacking CATSPERS are infertile because the
sperm lack the entire CatSper channel from sperm flagella, rendering sperm unable to
hyperactivate, regardless of their normal expression in the testis. In contrast, genetic
abrogation of any of the other CatSper TM subunits results in loss of CATSPERS protein
in the spermatid cells during spermatogenesis. CATSPERO might act as a checkpoint for
the properly assembled CatSper channel complex to traffic to sperm flagella. This study
provides insights into the CatSper channel assembly and elucidates the physiological
role of CATSPERS in sperm motility and male fertility.

CatSper | complex assembly | checkpoint | sperm hyperactivation | fertility

Ion channels are transmembrane (TM) proteins that form an aqueous pore by which
certain jons can pass across the plasma membrane. Sensing chemical and electrical stimuli,
ion channels open and redistribute ions, which can affect various cellular processes from
electrical excitation of the neuron, muscle, and heart to locomotion (1-4). To fine-tune
these critical functions, many ion channels form macromolecular complexes that contain
not only pore-forming a-subunits but also other ancillary subunits (1). For example, the
a-subunits of the voltage-gated L-type calcium channel (Ca, 1.1-1.4) coassemble with
028, B and/or y subunits (5, 6). The homotetrameric a-subunits of the voltage-gated
potassium channel K 4.2 can further complex with KChIP1 and DPP6S as a dodecamer
(7, 8). Proper assembly of such ion channel complexes is crucial for cellular homeostasis
and strictly regulated to achieve appropriate channel density and function in the plasma
membrane (1). For example, the chaperone proteins DNAJB12 and DNAJB14 regulate
the tetrameric assembly of ERG (ether-a-go-go-related) type K channel (9). The intra-
cellular N-terminal T1 domain regulates the tetramerization of the K| channel Shaker
(10, 11). Failure of such assembly often leads to inappropriate targeting and/or aberrant
function of the channel complex, resulting in cellular pathophysiology (12-14).

In mammalian spermatozoa, the CatSper calcium channel, which mediates calcium
influx to develop the hyperactivated motility required for successful fertilization (15), is
the best example of the macromolecular ion channel complex. Previous biochemical and
structural studies have revealed that the CatSper channel is composed of the pore-forming
subunits CATSPER1, 2, 3, and 4 (16-18), TM auxiliary subunits including CATSPER,
Y, 9, &, 1, TMEM249, and an unannotated single TM protein, and cytosolic subunits
containing the EFCAB9-CATSPERC subcomplex and CATSPERT (19-25). An unchar-
acterized transporter SLCOGC1 was previously reported as a candidate protein associated
with the CatSper channel complex as its protein level is significantly down-regulated in
Catsper] null sperm just as other known CatSper components (24), and the protein is
localized in four racing stripes in a CatSper-dependent manner (26). It was further vali-
dated in the recent CatSper cryo-EM (cryo-electron microscopy) structure (19). Unlike
other ion channels, the CatSper complexes are uniquely arranged along the sperm flagel-
lum, forming four linear Ca** signaling nanodomains (27). Our recent 3D (three
dimension)-reconstructed cryotomograms of mouse sperm flagella revealed that the
CatSper complexes are arranged in zigzag rows in each quadrant from extracellular views
(26). Intracellular views further visualized diagonal arrays below two staggered adjacent
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CatSper is a macromolecular ion
channel complex essential for
sperm hyperactivation and male
fertility. All gene knockout studies
of CatSper transmembrane
subunits in mice to date have
resulted in the loss of the entire
CatSper channel complex from
sperm flagella. This
interdependence suggests the
existence of strict assembly
regulation and quality control
mechanisms for the CatSper
channel. Here, we report that
CATSPER®, encoded by Tmem249,
which coevolved with other
CatSper subunit genes, functions
in channel assembly and serves
as a checkpoint for the properly
assembled complex to traffic to
the sperm flagellum. CATSPER®
facilitates the assembly of
CATSPER4 into the channel
complex by serving as a scaffold
and likely participates in the
formation of CatSper dimers for
its higher-order arrangement.
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channel complexes, suggesting that CatSper forms dimers that are
building blocks for the zigzag rows. Male mice lacking TM sub-
units, either any of the pore-forming CATSPER1-4 subunits or
the auxiliary TM subunit CATSPERS, are infertile due to the
absence of the entire complex in the sperm flagella (16, 17, 23,
28). These results suggest that only correctly assembled, complete
CatSper channel complex can be trafficked to the flagellum.
Moreover, the integrity of the CatSper nanodomains and the con-
tinuity of the zigzag rows are associated with the ability to properly
develop hyperactivated motility and the chirality of the sperm
swimming path (22, 24, 26, 29). The sperm that successfully
arrived at the fertilization site are recognized with the intact
CatSper nanodomains as a molecular signature (30). Despite the
physiological significance of the CatSper nanodomains and their
underlying higher-order arrangement, it remains unknown what
controls the formation of monomers and dimers of the CatSper
channel complex and the molecular mechanisms that link the
complex assembly to complex trafficking.

Here, we report that 7imem249 has coevolved with other known
CatSper genes and uniquely uses a CTG start codon to encode
CATSPERS. Genetic ablation of Cazsperg in mice results in the
incompletely assembled CatSper complexes that are unable to
target to the sperm flagella, rendering male mice infertile due to
defective sperm hyperactivation. We found that CATSPERS not
only stabilizes the CATSPER4 subunit to form the monomeric
CatSper complex but also self-interacts to contribute to the dimer
formation required for the higher-order zig-zag arrangement of
the channels. Our studies provide molecular insights into the
assembly mechanisms of the CatSper channel complex and its
cross-talk in complex trafficking during sperm tail formation.

Results

A Comprehensive Genomic Screening ldentifies Tmem249 in
the CatSper Coevolutionary Gene Network. Most of the genes
encoding the known CatSper subunits share three common features:
They are specifically expressed in the testis, they show similar
patterns of lineage-specific gain and loss during evolution, and the
encoded proteins display interdependency of protein levels in the
spermatozoa (24). Taking advantage of this gene coevolution, we
performed a comprehensive genomic screen to search for genes that
can be clustered together with the CatSper genes (31). We obtained
the CatSper coevolutionary network by automatic clustering of
significant pairwise associations among 60,675 orthologous gene
groups from 1,256 eukaryotic genomes. A previously uncharacterized
Timem249 gene clustered together with the coevolutionary network
of known CatSper genes (Carsperl-4, Catsperb-dfe, and Efcab9)
(Fig. 1 and SI Appendix, Fig. S1A). Reciprocally, CatSper genes
constitute eight of the ten most significantly coevolving genes of
Tinem249 (SI Appendix, Fig. S1B). Consistent with the mRNA
expression patterns of other CatSper genes, Tmem249 is also
specifically expressed in the testis (S Appendix, Fig. S1C), meeting
two of the criteria for CatSper genes. During the preparation of this
manuscript, an independent study also reported that TMEM249
is likely a component in the purified mouse CatSper complex and
modeled it in the single-particle cryo-EM structure of the CatSper
channel complex (19), further supporting TMEM249 as a strong
candidate for a CatSper component.

TMEM249 Protein Levels and Localization Are Dependent on
the CatSper Channel in the Sperm Flagella. We first investigated
whether the absence of the CatSper channel affects TMEM249
protein level and localization as shown in other known CatSper
subunits. Confocal imaging of immunostained TMEM249 in wr
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and Cazsper]”” mouse sperm from the cauda epididymis shows that
it localizes specifically and CatSper-dependently to the principal
piece (PP) like CATSPERT1 (Fig. 24). Super resolution imaging by
3D Structured Illumination Microscopy (SIM) imaging further
reveals that TMEM249 displays 4 linear arrangement along the
sperm tail (Fig. 2B), a distinct pattern previously observed for
CatSper nanodomains (22, 24, 25, 27). Immunoblot analysis
further confirms that TMEM249 is an integral part of the CatSper
complex unit; it is not detected in Cazsperl”~ or Catsperd”” sperm
in which the entire channel is absent but is detected to a much
lesser extent in Efeab9” and Catspers”” sperm (Fig. 2 Cand D).
All these results suggest that TMEM249 is associated with the
CatSper complex in cauda sperm. We herein name it CATSPER®.

CTG Start Codon Generates Native Full-Length CATSPERO in
the Mouse Testis. To better understand the sequence—structure—
function relationship of CATSPER®, we compared available
CATSPERO protein sequences from 162 different amniotes
(SI Appendix, Fig. S2A). Markedly, the current NCBI (National
Center for Biotechnology Information) annotated mouse
CATSPER® (171 residues, NP_001365176) is shorter than the
homologs in most other species such as Homo sapiens (235 residues,
NP_001239331.1) and Ornithorhynchus anatinus (platypus)
(239 amino acids, XP_028918398) (8] Appendix, Fig. S2A). The
genomic structure of Catsperg (Imem249) is highly conserved, but
the start site of the currently annotated mouse Catsperg in exon 3
is different from that of other species (S/ Appendix, Fig. S2B). We
considered the possibility that the difference in length of mouse
CATSPERO was due to incorrect annotation of its N terminus
as it lacks a sequence portion conserved in multiple alignments
(SI Appendix, Fig. S2C).

Indeed, by further investigating the 5-UTR (untranslated
region) sequence of mouse Catsperg, a CTG was identified as a
potential start codon, which is in the same reading frame as the
current NCBI annotated ATG start codon (Fig. 2 £ and F,
ATG_1). The nucleotides at positions -3 and +1 of the CTG also
match the preferred Kozak sequence. No frameshift mutations
have been detected between the CTG and the downstream ATG
among different rodent species that conserve both the CTG codon
and the downstream sequences (S/ Appendix, Fig. S2 D and E).
These lines of evidence suggest that the portion between CTG and
ATG_1 is a coding sequence. Compared to the downstream
ATG_1-initiated CATSPERO the CTG-initiated mouse
CATSPERS has 242 amino acids by extending its N terminus with
additional 71 amino acids. To validate whether mouse Cazsperg uses
this CTG as a start codon, we expressed constructs with different
reading frames and sequence contexts in 293T cells (Fig. 2F). The
corresponding protein size was compared to that of native mouse
CATSPERS by western blot probed with the CATSPERO antibody
that specifically detects its C terminus. The CTG construct contains
the start codon in its native 5'-UTR context and encodes two
proteins in 293T cells (Fig. 2F): one with the same apparent molec-
ular weight as that encoded by the positive control CTGy, construct
(CTG replaced by ATG) and a smaller, potentially alternative trans-
lation initiation at the downstream ATG_1. We tested this idea by
generating two additional expression constructs derived from the
CTG construct. The CTG start codon was simply deleted in the
CTGergga construct, and the ATG_1 start codon was mutated to
GCG (an alanine codon) in the CTG s, construct (Fig. 2F).
The bigger band disappeared in CTG g -transfected 293 T cells,
while the smaller band remains, confirming that the bigger band
is CTG-initiated. In contrast, the smaller band corresponding to
the size of ATG_1 is missing in CTG gy gog-transfected 293T
cells, indicating that the smaller band is indeed an alternative
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Fig. 1. Tmem249 is coevolving with other CatSper genes. Distribution map of Tmem249 and other CatSper genes across eukaryotes. The phylogenetic tree and
gene classification is according to NCBI taxonomy and OrthoDB, respectively. Shown are 53 representative species of the full eukaryotic dataset (1,256 species)

analyzed in this study.

translation (171 aa) starting at the ATG_1 codon in the CTG
construct expressed in 293T cells. Most importantly, the native
mouse CATSPER® migrated to the same position on SDS-PAGE
as the bigger band, but not as proteins translated by ATG_1 or a
hypothetical transcript variant annotated in NCBI (A7G_2)
(Fig. 2F). These results clearly show that the mouse uses the CTG
start codon to initiate the translation of CATSPERO. The corre-
sponding CATSPERO shows high conservation in mammals
(SI Appendix, Figs. S2F and S3 A-C). The phylogenetic relations
of this re-annotated full-length CATSPERS are consistent with the
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organismal phylogeny (S/ Appendix, Fig. S3B). The CTG-initiator
usage of Carsperq is likely originated in the placental ancestor as the
CTG is present in placental mammals but not in marsupials and
reptiles (87 Appendix, Fig. S3B).

We compared the structure of the CTG-ORF (opening reading
frame) and ATG-ORF encoded CATSPERO predicted by
AlphaFold (32) (Fig. 2G). While both proteins contain two TM
helixes, the first TM helix of the ATG-initiated protein (15 residues)
is shorter than the typical membrane-spanning helix (23 residues)
and unconventionally includes the charged N terminus. However,
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Fig. 2. The CTG-initiated TMEM249 protein level in sperm is CatSper dependent. (A) Immunofluorescence confocal images (Upper) of TMEM249 and CATSPER1
in mouse epididymal sperm. TMEM249 is detected in the PP of wt mouse sperm (Middle, magenta), consistent with that of CATSPER1 (Left, red), but not in
Catsper1™” sperm (Right). The sperm head is shown by counterstaining DNA with Hoechst (blue). The corresponding differential interference contrast (DIC) to
the fluorescent image is shown (Bottom). MP, midpiece. (B) 3D SIM imaging of TMEM249 in wt mouse sperm. x-y projection (Left) and y-z projection (Right) are
shown; z axis information is color-coded in x-y projection. Arrowheads indicate the annulus. (C and D) Immunoblot analysis of TMEM249 and other CatSper
subunits in wt, Efcab9™ (Ef9™"), Catsperd” (d”") (C), Catspert” (t”") and Catsper1™ (17") sperm (D). Acetylated tubulin (AC-TUB) is probed as loading control.
(E) NCBI sequence-viewer representation of the Mus musculus Tmem249 (Catsperq) locus (Upper) and hypothetical translation of its 5'-UTR (Lower). Exons are
represented by green boxes in which the coding sequence is in dark green. The reference mRNA (NM_001378247.1) and protein (NP_001365176.1) principal
variants are framed in the black box. RNA-seq exon coverage and intron spanning reads for the testis dataset (SAMNO00849384) are shaded in blue (linear
scale). The ATG-initiated ORF (boxed in gray; ATG highlighted in green) is inframe with candidate initiation codon CTG (in yellow) in the 5-UTR. Nucleotides
at positions -3 and +1 (highlighted in gray) from the CTG match to preferred Kozak consensus. (F) Schematic illustration of the nucleotide sequences used to
express Mus musculus CATSPER® proteins in 293T cells (Upper). Marked are ATG (gray), CTG (black), and GCG-replaced ATG_1 (orange). The N-terminal sequence
of XM_036159542 (boxed in fluorescent green) is different from that of NM_001378247. ATG_1 (NP_001365176.1, 171 aa), ATG_2 (XP_036015435, 194 aa), CTGg
(ORF start from CTG but with CTG replaced with ATG, 242 aa), CTG (ORF start from CTG in the native 5'-UTR), CTG¢¢ go (Same as the plasmid CTG but with CTG
deleted), and CTGprg1.6cq (Same as the plasmid CTG but with ATG_1 replaced with nonstart codon GCG). The black line above the C-terminal sequence common
to all variants indicates the location of the corresponding antigen of CATSPER® antibody used in this study. The yield protein product is compared with that in
native Catsperf/’ (177)and Catsper7’/’ (1) sperm by western blot analysis (Lower). The dotted line indicates different exposure times of the same membrane. The
asterisk in the mouse sperm blot indicates the nonspecific band picked by CATSPERO antibody. NC: none transfected. (G) Predicted 3D structure comparison of
mouse CATSPERO translated from ATG (171 aa, magenta) and CTG (242 aa, magenta, with the extended N terminus in blue). (H) Fitting of predicted CTG-initiated
CATSPER® 3D structure with the corresponding cryo-EM density map from different views.

the CTG-initiated protein extends the first TM helix to 22 resi- corresponding to TMEM?249 resolved by Lin et al. (19) (Fig. 2H),
dues, and the remaining 53 cytosolic residues interact with its ~ compared to the currently annotated protein. Taken together, all
own C-terminal cytosolic domain (Fig. 2G). The N-terminal  these results strongly suggest that CATSPER® is a CTG-initiated
extended CATSPERS® fits better to the protein density map  protein.
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CATSPERO-Deficient Males Are Infertile due to Defective Sperm
Hyperactivation. To examine the functional significance of
CATSPERS in the CatSper complex, we created Catsperq knockout
mice by CRISPR/Cas9 genome editing (S/ Appendix, Fig. S4
A—E). We obtained one mutant allele with two simultaneous
deletions: 1,291-bp deletion removing the region spanning the
end of exon 1 to intron 5 plus 11-bp deletion in exon 6, leading
to an early terminational frameshift (S/ Appendix, Fig. S4 B-D).
Western blot and immunocytochemistry analyses further validate
the successful generation of Cazsperq knockout mice by specific
loss of CATSPER® (Fig. 3 A and B). Catsperq knockout mice
have no gross phenotype. There was no difference in epididymal
sperm count or sperm morphology between Carsperg-null males

and wr males (SI Appendix, Fig. S4 F and G) or in histological

examination of the testes (SI Appendix, Fig. S4H). Catsperg-null
females have normal mating behavior and give birth to litters when
mated with wr or monoallelic heterozygous (her) males. However,
wt females mated with Cazsperg-null male mice produced no litters
(Fig. 3 C, Lef). Consistently, Catsperg-null spermatozoa were
unable to fertilize COC-intact oocytes in vitro (Fig. 3 C, Right).

We further examined sperm motility. We recorded free-swimming
sperm trajectories after 10-min incubation under capacitating con-
ditions (activated) and found that w? sperm swim relatively straight
(Fig. 3 D, Upper and Movie S1). By contrast, Catsperg-null sperm
showed a circulating swim path (Fig. 3 D, Lower and Movie S2),
a typical pattern observed for CatSper-deficient sperm that cannot
roll along the axis (33), whereas the overall motility of Catsperg-null
sperm is comparable to that of wr sperm (SI Appendix, Fig. S5A).
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Fig.3. Geneticdisruption of Catsperq renders males infertile due to defective sperm hyperactivation and the absence of /¢y, (A and B) Validation of Catsperq™””
mice generation by immunoblot analysis (A) and immunostaining (B) of CATSPERO. The arrowhead in (A) indicates the corresponding protein band of CATSPER®.
(C) Fertility recording of natural mating and in vitro fertilization (IVF). Note that 8 Catsperg™™ and 7 Catsperg”™ males were housed with wt females for 3 mo;
the litter size (Left) and IVF rates of cumulus-oocyte complexes with Catsperq™ and Catsperqg™” sperm (Right) were recorded. ****p < 0.0001. (D) Trajectory of
free-swimming sperm from wt and Catsperq™™ males after incubating in TYH medium for 10 min. Shown is time-scale bar(s). (E) Flagellar waveform analysis of
uncapacitated (Upper) and capacitated (Lower) sperm from wt (Left) and Catsperq™” (Right) males. Movies were recorded at 200 fps from the head-tethered cells to
glass coverslips before and after incubating under capacitation conditions. (F) Absence of CatSper proteins in Catsperqg™” sperm by immunoblot analysis. Arrows
indicate the corresponding band of each protein. (G and H) Representative /s, traces from wt, Catsperq™”, and Catsperd™” sperm by step protocol (120 to
+120 mV) in 20 mV increments from =120 mV holding potential (G) and by ramp protocol (=100 to +100 mV) from 0 mV holding potential (H). The current traces
at 0 mV in (G) are highlighted in red. The cartoon in (H) represents pH and monovalent ion composition in pipet and bath solutions. A current trace recorded
from wt sperm under bath solution with Ca®*-containing HEPES-buffered saline (HS) medium (green) represents minimal background current (H). (/) Inward Icatsper
measured from wt, Catsperq'/’ (q'/’), and Catsperd'/’ (d™) sperm at —=100 mV. ***P < 0.001. Data are presented as mean + SEM (C and /).
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Computer-assisted sperm analysis further revealed that the mutant
sperm have defects in sperm motility (S/ Appendix, Fig. S5 B-E).
Specifically, total motility and progressive motility were dramati-
cally reduced after incubating under capacitation conditions
(SI Appendix, Fig. S5 A and B), consistent with the previously
reported impaired sperm motility maintenance in CatSper-deficient
sperm (17, 24). The velocity of curvilinear, average path velocity,
and straight-line velocity were significantly reduced with
Catsperg-null sperm than those of w# sperm, indicating defective
hyperactivation of Cazsperg-null sperm. Consistent with this idea,
flagellar waveform analysis clearly demonstrated that capacitated
Catsperg-null sperm failed to develop hyperactivation, whereas wz¢
sperm developed asymmetric beating with increased amplitude
under the same conditions (Fig. 3£ and Movies S3-56). Taken
together, our results show that the Carsperg-null male mice are
infertile due to defective sperm hyperactivation, suggesting inac-
tivation and/or absence of the CatSper channel.

Catsperg-Null Sperm Lack All the CatSper Subunits and Ic,sper-
We first investigated whether the CatSper channel is present in
Catsperg-null spermatozoa by examining the protein levels of the
CatSper subunits. Immunoblot analyses clearly demonstrate that all
the previously known CatSper components examined are missing in
the absence of CATSPERS, just as in Cazsper-null sperm (Fig. 3F).
Consistently, these CatSper subunits were absent or barely detectable
by immunocytochemistry (S/ Appendix, Fig. SSF). To test whether any
small level of functional CatSper channel exists, we next performed
whole sperm patch recording to measure the sperm-specific and pH-
sensitive ion current (/c,,,,,) mediated by the CatSper channel. /s,
is usually measured by Na" conductance in divalent-free solution
because it is small and difficult to record in normal bath solution
containing 2 mM Ca”* (34). We measured Icusyer by keeping the
intrapipette solution slightly alkaline at pH 7.2 to better visualize
the small current if there is any. In w# spermatozoa, /¢, mediated
a large inward current (-560 + 73 pA at -100 mV). However, no
current was detected in Cazsperg-null spermatozoa, a similar level to
that of Cassperd-null sperm (Fig. 3 G-1). Our results indicate that
when Catsperq is inactivated, the sperm completely lacks a functional
CatSper channel due to the absence of CatSper proteins.

CATSPERO is Required for CatSper Channel Assembly. Given that
CATSPERS is indispensable for functional CatSper channel in
cauda epididymal sperm, we examined the total protein levels
of each CatSper subunit in the Catsperg-null testis. In the testis
microsome, all the CatSper subunits examined have the same
protein level as in wz (Fig. 44), suggesting that loss of CATSPER®
does not affect the protein expression and/or stability of other
CatSper subunits in developing male germ cells. Nevertheless,
CatSper components are unable to exit the cell body and be
targeted to the spermatid flagella. As shown in Fig. 4B, at steps
10 to 12 of developing spermatid cells, we detected CATSPER1
in both the cell body and the prospective principal piece in wr
spermatids, whereas the signal was only observed in the cell body
in Catsperg-null spermatids. These results suggest that CATSPER®
is essential for the CatSper complex assembly and/or trafficking
in spermatids.

Next, we examined the assembly of the CatSper channel in the
testis. Co-immunoprecipitation (co-I1P) with anti-CATSPER1 anti-
body showed that, unlike all the other CatSper subunits examined,
the protein level of CATSPER4 in the CatSper complex is signifi-
cantly compromised in the absence of CATSPERS (Fig. 4C), sug-
gesting that CATSPERG functions to stabilize CATSPER4. The
proximity between CATSPER4 and CATSPER® in the cryo-EM
structure of CatSper also supports this hypothesis (Fig. 4D).
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Therefore, we investigated the interaction between CATSPERS and
CATSPER4 in heterologous 293T cells by co-IP experiments.
When coexpressed, full-length CATSPER® is indeed complexed
with full-length CATSPER4 (Fig. 4F). Based on the cryo-EM struc-
ture of CatSper, it is likely that the interaction is mainly mediated
by the cytosolic domain of each protein. To test this idea and further
narrow down which part of CATSPER4 mediates this interaction,
co-IP was performed with the cytosolic domain of CATSPERO
(Cyto-CS6), N-terminal cytosolic domain—deleted CATSPER4
(Ndel-CS4, 62-442 aa of CATSPER4) and C-terminal cytosolic
domain—deleted CATSPER4 (Cdel-CS4, 1 to 180 aa of CATSPER4)
(Fig. 4F). The interaction between Ndel-CS4 and Cyto-CS8 is
maintained, but the CATSPER4 interaction with Cyto-CS0 is
largely disrupted when its C-terminal cytosolic domain is removed.
These results indicate that the CATSPERO-CATSPER4 interaction
is mainly mediated by the Cyto-CS6 and the C-terminal cytosolic
domain of CATSPER4. The remaining weak interaction observed
between Ndel-CS4 and Cyto-CS6 suggests that the intracellular
loops between the TM domains of CATSPER4 may also be involved
in the interaction between them. These results suggest that
CATSPERS efhiciently stabilizes CATSPER4 assembled into the
CatSper complex by serving as a scaffold for CATSPER4.

CATSPERO is Capable of Self-Interaction that Contributes to
Form a CatSper Dimer. Notably, the assembly of CATSPER4 into
the CatSper complex is not completely abolished in Cazsperg-
null spermatids (Fig. 4C). However, the remaining CATSPER4-
containing CatSper complex is still unable to leave the cell body
to reach the sperm flagella (Figs. 3 and 4B), indicating that
the defects in Catsperg-null spermatids are beyond the level of
monomeric CatSper complex assembly. Our recent application
of cryo-ET (cryo-electron tomography) to intact mouse and
human spermatozoa revealed the 3D structure and higher-
order organization of the native CatSper channels. The repeated
CatSper units are interconnected and form zigzag rows on the
extracellular side (S7 Appendix, Fig. S6 A, Leff). Underneath the
zigzag rows, the CatSper form diagonal arrays on the intracellular
side (26) (SI Appendix, Fig. S6 A, Right). Each diagonal stripe
is comprised of two connected intracellular structures from two
staggered CatSper channel units, suggesting that CatSper dimers
(each diagonal stripe) are the building blocks for the zigzag rows
(26). Together with CATSPERn (TMEM262), another three
TM domain—containing CatSper component revealed by Lin
et al. (19), CATSPER® is also located at the interface within the
CatSper dimer in which CATSPER4/p side position face-to-face
with 180° rotation (26) (Fig. 54 and SI Appendix, Fig. S6A).
Thus, we hypothesize that CATSPER® plays a role in CatSper
dimer formation by connecting two complex units. Without
CATSPERS, the CatSper dimer is unlikely to form properly,
preventing the channel from trafficking to the flagellar membrane
and forming the higher-order arrangement. We tested this idea by
examining whether CATSPER® can self-interact. We expressed
recombinant CATSPER® with either HA or Flag tag in 293T
cells and found that they form immunocomplex with each other
(Fig. 5B), supporting its contribution to CatSper dimer formation.

CatSper TM Subunit Deficiency Results in Loss of CATSPERO
during Spermatogenesis. Genetic abrogation of any of the CatSper
pore-forming (CATSPERI-4) or auxiliary TM subunits (i.c.,
CATSPERS) results in loss of the entire CatSper channel complex
in mature mouse spermatozoa (17, 23, 27, 35). These results
indicate that the CatSper complex missing any of these essential
TM subunits is unable to traffic to the sperm flagellum during
tail formation. This phenomenon implies the existence of quality
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Fig. 4. CATSPER® loss-of-function compromises CATSPER4 assembly into the CatSper complex. (4) Immunoblot analysis of CatSper subunits in Catsperq™” and
wt testis microsome. (B) Immunostaining of CATSPER1 in developing male germ cells at various stages isolated from testes of wt (Left), Catsperq™” (Middle), and
Catsper1™ (Right) males. The corresponding DIC images were shown (Lower). Filled arrowheads indicate the presence of signal in the tail; empty arrowheads
indicate the absence of the signal. The differentiation steps of each spermatid were labeled. (C) Proteins solubilized from wt, Catsper1™", and Catsperq™” testes
microsome were immunoprecipitated (IP) with anti-CATSPER1 antibody and followed with immunoblot analysis with indicated antibodies. (D) The structure of
the mouse CatSper complex is modified from ref. (19) in sphere presentation, with CATSPER® in magenta, CATSPER4 in yellow, and all other subunits in gray.
Of note is that the structure of CATSPER4 here is mainly the TM domains (S1 to S6), due to its N-terminal and C-terminal cytosolic domains are not resolved in
the CatSper atomic structure. Zoomed CATSPERO and CATSPER4 are in ribbon presentation. () CATSPER4-HA (CS4-HA) and/or CATSPERO-Flag (CS6-Flag) were
transfected into 293T cells and precipitated with anti-HA antibodies. The input and immunocomplexes were blotted with anti-HA and anti-Flag antibodies.
(F) Two TM domain-deleted CATSPER® (Cyto-CSO-Flag) and or truncated CATSPER4 (N-terminal cytosolic domain deleted: Ndel-CS4-HA; C-terminal cytosolic
domain deleted: Cdel-CS4-HA) were transfected into 293T cells and precipitated with anti-HA antibodies. The input and immunocomplexes were blotted with

anti-HA and anti-Flag antibodies.

control checkpoint for the properly assembled CatSper complex,
and those without complete CatSper TM subunits are retained in
the cell body. Loss of CATSPERS leads to the same consequence
(Fig. 3). The spermatids lacking the TM subunits of the CatSper
channel may have common defects. To test this hypothesis, we
evaluated the protein levels of different TM subunits in CazsperI-
null, d-null, or g-null testes compared to those in Cazsperg-het
testes. The testicular CATSPERT1 level is not affected by abrogation
of Catsperg, distinct from the compromised level in Cazsperd-null
males (23). The amount of CATSPERP also remains unchanged in
the testes of all the genotypes tested. Intriguingly, CATSPER® is
not detected in the testes of Catsperd-null or CatsperI-null males

PNAS 2023 Vol.120 No.39 e2304409120

(Fig. 5Cand SI Appendix, Fig. S6B). Since Catsperqg mRNA levels
in Cassperl-null and d-null testes are not significantly different
from that in the Cazsperg-het testis (Fig. 5D), the absence of other
TM subunits is likely to affect the Cazsperg translation or the
protein stability. Thus, the CATSPER® levels may serve as a quality
control checkpoint for the CatSper complex assembly. Only the

complete CatSper complex with all TM subunits would associate
with CATSPERS to form a dimer and traffics to the flagella.

CATSPERO is Actively Processed during Sperm Capacitation. To

explore the physiological function of CATSPERS in the zigzag

channel dimers in the regulation of sperm motility, we next
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Fig. 5. CATSPERO participated in CatSper dimer formation and works as a checkpoint. (A) Side view of the pseudoatomic model of a CatSper complex dimer
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mice. (D) The Catsperqg mRNA expression level in mice testes is measured by real-time RT-PCR. TATA-binding protein (TBP) is used as a control for normalization.

***P < 0.001. Data are presented as mean + SEM, n = 3.

examined the levels of CATSPER® before and after inducing
capacitation. As previously reported, CATSPERI is processed
during sperm capacitation, whereas other subunits including
CATSPER show no obvious changes in the protein level (27,
30). Interestingly, like CATSPER1, CATSPER® is significantly
decreased after incubating for 90 min under capacitating
conditions (87 Appendix, Fig. S7 A-C). To test whether this
change reflects sperm motility status, we performed motility-
correlated imaging of individual sperm cells (27). In vitro
capacitated spermatozoa placed on photo-etched grid coverslips
were videotaped to record their motility patterns before
using the same coverslips to locate spermatozoa and correlate
CASTSPER® levels with the motility patterns (87 Appendix,
Fig. S7 D and E and Movie §7). We found that spermatozoa
that were motile (either hyperactivated or vibrating) retained
an intact CATSPERS signal. In contrast, CATSPERO was not
detected in a significant proportion of immotile spermatozoa.
These results suggest that sperm motility is impaired when the

CatSper dimers are disrupted by CATSPER® processing.

Discussion

The Noncanonical CTG Start Codon of CATSPERO. It has long
been thought that eukaryotic translation almost always initiates
at an AUG start codon. However, recent advances in ribosome
footprint mapping have revealed that non-AUG start codons (e.g.,
CUG, GUG, and UUG) are also used at an unexpectedly high
frequency, with CUG generally being the most efficient among the
non-AUG start codons (36). The use of CUG has been found to
generate protein isoforms. For example, thioredoxin-glutathione
reductase 3 (TXNRD3), a member of the thioredoxin reductase
family that is particularly abundant in elongating spermatids
(37), uses the CUG start codon to generate the long isoform in
the mouse testis (38). The oncogenic transcription factor MYC
also uses the CUG codon to generate an N-terminally extended

80f 10 https://doi.org/10.1073/pnas.2304409120

isoform of c-Myc (39), just as the use of the CUG as the start
codon extends the N terminus of CATSPERS with respect to the
use of the downstream AUG codon. The fit of this N-terminally
extended CATSPER® with the cryo-EM density map supports
the use of CUG as the start codon for mouse Cazsperg. However,
unlike the above-mentioned TXNRD3 or MYC, the use of the
CUG start codon does not generate another CATSPER® isoform.
The possibility that CATSPERS uses ATG_1 or ATG_2 as a start
codon to generate the CATSPERS isoform is ruled out by the
mutagenesis experiments and the fact that the antibody raised
against the very C-terminal region of CATSPERS only recognizes
a single specific protein band in the testis and sperm of mice.
Currently established models of translation suggest that initia-
tionatnon-AUG start codons is mediated by the methionine-charged
initiator tRNA (Met-tRNA) through “wobble” interactions with
the anticodon (40). However, Leucine-tRNA (Leu-tRNA) was also
found to initiate at CUG start codons for synthesizing and pre-
senting new proteins by major histocompatibility complex in the
immune response (41). Which initiator tRNA (Met-tRNA or
Leu-tRNA) is used to decode the CUG start codon of Cazsperg in

the testis remains to be further investigated.

CATSPERO Functions in Assembling Monomeric CatSper Complex.
The cryo-EM structure of the isolated mouse CatSper complex
visualized that all the previously known type I single TM CatSper
auxiliary subunits with large extracellular domain bind to each of
the pore-forming subunits in a specific configuration: CATSPERS,
¥, O, and € form a pavilion-like structure by pairing with each
of the pore subunits CATSPER4, 1, 3, and 2, respectively (19).
CATSPERS stands out among the TM auxiliary subunits in that
it contains two TM domains and a cytosolic globular domain. We
propose that one role of CATSPERS is to stabilize CATSPER4 in
a single CatSper complex unit via its cytosolic regions. Notably,
CATSPERn, another TM auxiliary subunit with three TM
domains, is also located in close proximity to CATSPERP that pairs
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with CATSPER4. Together with the previously suggested potential
TM interaction between CATSPERO and CATSPERn (19), the
stability of CATSPER4 within a monomeric CatSper complex
unit is likely also supported by CATSPERnN and CATSPERS. The
specific localization of CATSPER® at the center of a CatSper
dimer and its self-interaction ability make it a good candidate to be
responsible for CatSper dimer formation. Yet, there are additional
components that are likely to be involved in the dimer formation,
including the extracellular CATSPERB-CATSPERS interaction
at the intradimer interface and the unresolved protein density
identified in the center of the diagonal array (26), which need to
be further investigated.

CATSPERO Serves as a Checkpoint for CatSper Complex Assembly.
The cytosolic auxiliary subunits (CATSPERC, EFCABY, or
CATSPERT) of the CatSper channel complex function mainly in
modulating channel density or (in)activation (42). In the absence
of either one of the cytosolic auxiliary subunits, the CatSper
channel still assembles properly, targets to the flagellar membrane,
and conducts /g, albeit with reduced current density and/
or altered sensitivity to intracellular pH and Ca®* (22, 24, 25).
In contrast, not only the pore-forming CATSPER1-4 but also
the TM ancillary subunits are essential for the presence of the
functional channel in the sperm flagella (23). The present study
further supports this general notion by functionally annotating
a CatSper component CATSPER® into such an essential protein
group. Disruption of Cazsperq renders the entire CatSper complex
completely missing in the epididymal sperm flagella, indicating
its fundamental role in the CatSper channel assembly and/or
trafficking.

We found that the absence of CATSPERO during spermato-
genesis is a common denominator for the mouse models that lack
cither a pore-forming or an ancillary TM subunit of the CatSper
channel. We propose that CATSPER® is a checkpoint to quality
control CatSper assembly. In this regard, it is intriguing that
Catsperq uses the noncanonical CTG start codon, which might
be tightly regulated by the upstream CatSper assembly event.
While the detailed mechanisms require further investigation, the
presence of CATSPERS is likely to be a key quality control check-
point that signals “go” for the properly assembled CatSper complex
to traffic to the flagellum (87 Appendix, Fig. S7F). Additionally,
our results show that capacitation-induced processing of
CATSPERS is likely to affect the higher-order arrangement of
CatSper and the channel activity.

In summary, using coevolutionary and biochemical analyses com-
bined with mouse genetics, we have structurally and functionally
annotated a CUG-initiated 7mem249-encoded CATSPERS as an
essential CatSper component that functions in CatSper complex
assembly. CATSPERO serves as a scaffold platform to stabilize
CATSPER4 and contributes to linking two monomeric CatSper
complexes into a dimer. Loss of CATSPERS prevents the assembled
CatSper complex from exiting the cell body and renders male mice
infertile, suggesting a fundamental role for CATSPERS as a check-
point for the higher-order assembly.

Materials and Methods

Identification of CatSper Components by Coevolutionary Analysis. \We
performed a global analysis of coevolutionary associations among 60,675 orthol-
ogous gene groups from 1,256 eukaryotic genomes as classified by OrthoDB (Ver.
10). Coevolution among different orthogroups was assessed through a procedure
especially suited to reveal associations between genes with a discontinuous pat-
tern of the presence/absence as observed in CatSper (31, 43), we enumerated
concordant transitions (1—0 or 0—1) in pairs of binary vectors describing the
presence/absence of orthologous genes in complete genomes ordered according
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to species phylogeny, so that concordant state transitions correspond to simul-
taneous events of gene loss or gain. Significant pairwise associations (adjusted
P-value < 0.001; Fisher exact test with Bonferroni correction) were clustered with
MCL(Markov cluster) (44) and the resulting clusters were parsed for the presence
of known CatSper components. Nine CatSper components (Catsper 1-4, b, g, d/e,
and Efcab9) were found in a single MCL cluster which additionally contained the
uncharacterized gene Tmem249. The procedure was carried out using Python
and R scripts on a 64-core HPC node with 384 Gb RAM. To understand why a few
known CatSper components (Catsperz, Catsperh, and Slco6¢T) were not identi-
fied by the coevolutionary analysis, the species distributions of the orthogroups
corresponding to the true-positive and false-negative results were examined in
Orthodb. The species distribution in the false-negative orthogroups was found
to be in contrast to the true-positive orthogroups.

Generation of Catsperqfk Mice by CRISPR/Cas9 and Genotyping.
The Catsperg™~ mice were generated using CRISPR/Cas9-based gene tar-
geting. Two guide RNAs gRNA1 (5’-accctggaattgtctcgggt-3) and gRNA2
(5'-taagtcaagtgtcaacgacc-3') targeting the coding region of Catsperq were
designed using CRISPR direct software (http://crispr.dbcls.jp/) (45). Zygotes
were isolated on the day of the coagulation plug (=E0.5) from superovulated
female mice (B6D2F1) mated with B6D2F1 males. To remove cumulus cells,
zygotes were incubated in hyaluronidase solution (0.33 mg/mL)(Sigma-Aldrich).
Ribonucleoprotein complexes containing synthesized CRISPR RNA (crRNA)
(Sigma-Aldrich), transactivating crispr RNA (tracrRNA) (TRACRRNAOSN-5NMOL,
Sigma-Aldrich), and CAS9 protein (A36497, Thermo Fisher Scientific) were elec-
troporated into fertilized eggs using a NEPA21 superelectroporator (NEPA GENE)
(46). Electroporated zygotes were incubated in potassium simplex optimization
medium (47) at 37 °C and 5% CO, until the next day. Two-cell embryos were
transferred into the oviducts of pseudopregnant recipient females. The resulting
pups were genotyped using primers TMEM249_F (5'-tgtggtcaatagaaaagceect-3'),
TMEM249_R (5'-cgcgtctecteccacaagtac-3') and TMEM249_R’ (5’-aaaggaggcca
gggctcaggceecca-3).

Preparation and Solubilization of Testis Microsome and Immunopre-
cipitation. Mouse testes were homogenized in 0.32 M sucrose, and cell debrisand
nuclei were removed by centrifugationat 1,000 x g, 4 °Cfor 20 min. Supernatant
was centrifuged at 100,000 x g, 4 °Cfor 60 min to collect membrane microsome.
The microsome fraction was solubilized in 1% Triton X-100 in PBS (10 mg micro-
some per mL) with protease inhibitor cocktail (complete mini, Roche) by rocking
at 4 °Cfor 60 min.The lysate was cleared by centrifugation at 18,000 x g, 4 °C for
30 min to obtain solubilized proteins from the supernatant. The supernatant was
immunoprecipitated with anti-CATSPER1 antibody and Protein A magnetic beads
(BIO-RAD) with the same method for recombinant protein co-IP. Proteins were
detected with corresponding rabbit-raised primary antibodies and horseradish
peroxidase-conjugated goat-anti-rabbit secondary antibody.

Sperm Immunocytochemistry. Sperm cells from the cauda epididymis
attached to glass coverslips were fixed in 4% paraformaldehyde in PBS for
20 min, permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed with
PBS, and blocked with 10% goat serum for 1 h. Samples were stained overnight
with indicated primary antibody in 10% goat serum at 4 °C. For secondary anti-
bodies, Alexa568 or Alexad88-conjugated goat-anti-rabbit (Invitrogen) were
used. Images were acquired by confocal microscopy (Zeiss LSM710 Elyra P1).

Preparation of Spermatogenic Cells for Inmunocytochemistry. Testes from
adult male mice were collected, and the tunica albuginea was removed to harvest
seminiferous tubules. Collected seminiferous tubules were washed with ice-cold
PBS two times and chopped into small pieces to release germ cells. Chopped
mixture was filtered with a 40-mm nylon mesh cell strainer to get dissociated
germ cells. Filtered testicular cells were used for immunocytochemistry.

Mating Test and In Vitro Fertilization (IVF). Sexually matured male mice were
individually caged with three 8-wk-old B6D2F1 female mice for 2 mo. Plugs were
checked every moring, and the number of pups was counted on the day of birth.
For IVF, spermatozoa were collected from the cauda epididymis and incubated in
aToyoda, Yokohyama, Hoshi (TYH) drop (48) for 120 min at 37 °C under 5% CO,.
Eggs were collected from superovulated females. The spermatozoa were then
added to the TYH drop containing intact eggs at a final concentration of 2 x 10°
spermatozoa/mL. Two-cell embryos were counted the next day.
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Flagellar Waveform analysis. To tether sperm head for planar beating, non-
capacitated or capacitated spermatozoa (2 x 10° cells) from adult male mice
were transferred to the fibronectin-coated 37 °C chamber for Delta T culture
dish controller (Bioptechs) filled with HEPES-buffered HTF (Human Tubal Fluid)
medium for 1 min. Flagellar movements of the tethered sperm were recorded for
2 s with 200 fps using a pco.edge SCMOS camera equipped in an Axio observer
Z1 microscope (Carl Zeiss). All movies were taken at 37 °C within 10 min after
transferring sperm to the imaging dish. FIJI software was used to measure the
beating frequency of the sperm tail and to generate overlaid images to trace the
waveform of sperm flagella as previously described (22).

Sperm Free Swimming Tracing. Cauda epididymal spermatozoa were dis-
persed in a drop of TYH (Toyota, Yokohama, Hoshi) medium and incubated for
10 min at 37 °C under 5% CO,. Spermatozoa were collected from the top of the
drop and observed with an Olympus BX-53 microscope equipped with a high-
speed camera (HAS-L1, Ditect).

Electrophysiology. Corpus epididymal sperm were washed and resuspended
in HEPES-buffered saline medium followed by being attached on a 35-mm
culture dish. A Gigaohm seal was formed at the cytoplasmic droplet of sperm
(34). The cell was broken in by applying voltage pulses (450 to 600 mV, 5 ms)
and simultaneous suction. Whole-cell CatSper currents were recorded from wt,
CatSperd™", and CatSperq™"~ sperm in divalent-free bath solution (150 mM Na
gluconate, 20 mM HEPES, and 5 mM Na,HEDTA, pH 7.4). Intrapipette solution
for CatSper current recording consists of 135 mM CsMes, 10 mM HEPES, 10 mM
EGTA (ethylene glycol tetraacetic acid), and 5 mM CsCl adjusted to pH 7.2 with
CsOH. Data were sampled at 10 kHz and filtered at 2 kHz. The current data were
analyzed with Clampfit (Axon, Gilze, Netherlands), and figures were plotted with
Grapher 8 software (Golden Software, Inc., Golden, Colorado).
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