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Abstract

Background: lon channels are essential for differentiation and maturation of germ
cells, and even for fertilization in mammals. Different types of potassium channels
have been identified, which are grouped into voltage-gated channels (Kv), ligand-gated
channels (Kjignq), inwardly rectifying channels (K;.), and tandem pore domain channels
(sz)-

Material-Methods: The present review includes recent findings on the role of potas-
sium channels in sperm physiology of mammals.

Results-Discussion: While most studies conducted thus far have been focused on
the physiological role of voltage- (Kv1, Kv3, and Kv7) and calcium-gated channels
(SLO1 and SLOS3) during sperm capacitation, especially in humans and rodents, lit-
tle data about the types of potassium channels present in the plasma membrane of
differentiating germ cells exist. In spite of this, recent evidence suggests that the con-
tent and regulation mechanisms of these channels vary throughout spermatogenesis.
Potassium channels are also essential for the regulation of sperm cell volume during
epididymal maturation and for preventing premature membrane hyperpolarization. It
is important to highlight that the nature, biochemical properties, localization, and reg-
ulation mechanisms of potassium channels are species-specific. In effect, while SLO3
is the main potassium channel involved in the K* current during sperm capacitation
in rodents, different potassium channels are implicated in the K* outflow and, thus,
plasma membrane hyperpolarization during sperm capacitation in other mammalian
species, such as humans and pigs.

Conclusions: Potassium conductance is essential for male fertility, not only during

sperm capacitation but throughout the spermiogenesis and epididymal maturation.

KEYWORDS
cell volume, epididymal maturation, plasma membrane potential, sperm capacitation, spermato-
genesis
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1 | INTRODUCTION

Sperm differentiation and function are regulated by several ion
channels, which are distributed throughout the plasma membrane,
and activated and modulated by different external and internal
factors (reviewed by Nowicka-Bauer and Szymczak-Cendlak,* and by
Delgado-Bermudez et al.2). While little data on the relevance of ion
channels during spermatogenesis are available, several studies demon-
strate that they are essential for spermatozoa movement toward the
egginlower and higher vertebrates.3~¢ In mammals, scientific evidence
supports the role of bicarbonate (HCO3~) and calcium (Ca2+) as sec-
ond messengers that activate the soluble adenylate cyclase (sAC) and
protein kinase A pathway (PKA) after ejaculation, which are essen-
tial for motility activation and protein tyrosine phosphorylation.”¢ The
spermatozoa plasma membrane contains a wide diversity of bicarbon-
ate and calcium transporters differing in solute affinity, stoichiometry,
and regulation mechanisms.”~2 Moreover, HCO3 ™~ influx and proton
(H*) efflux are essential for alkalinization of sperm cytoplasm (pH;) and
activation of several pH-dependent channels that trigger the sequence
of events associated to capacitation occurring in the upper female
reproductive tract.210

Not only does sperm function after ejaculation rely upon intra-
cellular Ca?*, HCO3~, and H* levels, but also on the conductance
of other ions across the plasma membrane, mainly potassium (K*),
sodium (Na*), and chloride (CI~).1241314 Little data, nevertheless,
exist about the types of channels implicated in the transport of these
ions and their physiological role during sperm differentiation, matura-
tion, and capacitation, most of the studies having been performed in
rodents. In mammals, potassium channels are the main transporters
involved in the initiation of sperm motility during ejaculation and in
the hyperactivation of sperm movement.’>1¢ The plasma membrane
of ejaculated spermatozoa is slightly polarized (—30 to —40 mV),
but it hyperpolarizes during capacitation to approximately —60 mV
because of an increased K* permeability.)” It has been reported
that around 10% of sub-fertile patients have reduced K* outflux
or enhanced K* inward, thereby resulting in prolonged depolariza-
tion of the plasma membrane and defective hyperpolarization during
sperm capacitation.’® In spite of this, a clear relationship between
potassium channel dysfunction and male sub-fertility is yet to be
established.

In general terms, K* channels constitute a superfamily thatinclude a
high diversity of transporters that participate in the osmotic regulation
of cell volume and the control of membrane potential.}? According to
their regulation mechanisms, K* channels are grouped into four major
classes: voltage-gated channels (Kv), ligand-gated channels (Kjigand),
inwardly rectifying channels (K;.), and tandem pore domain channels
(Kp)2%2%; only Kyp channels are dimers, whereas the rest of channels
have a tetrameric structure (Figure 1). Each monomer or a-subunit has
a pore-forming domain (PD) and a voltage-sensor domain (VSD); the
association of the four PDs gives rise to a central pore surrounded
by VSDs.1720 Pore conformation is similar and well-conserved in all
types of K* channels, being highly selective and efficient, and at least
10,000 times more permeable to K* than Na™; in contrast, VSDs dif-
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fer in structure according to the channel and cell type.1?2° Besides the
a-subunits, K* channels can also contain auxiliary subunits (8- and/or
y-subunits) that modulate their activity and even their trafficking and
localization.82°

Potassium channels can show three different states: resting, acti-
vated, and inactivated. Channel gating is regulated by both intracellular
and extracellular signals, which can exert either a negative or positive
effect in different channels and cell types (reviewed by Kuang et al.2°).
Channel closing usually occurs during the resting state, and several
K* channels are inactivated shortly after opening (reviewed by Kuang
etal.20).

The present review gathers recent evidence on the structure,
localization, and physiological relevance of K* channels during sper-
matogenesis, epididymal maturation, and capacitation; the types of
potassium channels present in the different germ cell types and their
general function are summarized in Table 1. As aforementioned, most
of the studies conducted thus far were performed in humans and
rodents, so that little information on other mammalian species is avail-
able, despite the potential species-specific differences in the role of
these channels. The types of potassium channels that have been iden-
tified in the spermatozoa of different species and their localization are

represented in Figure 2.

2 | VOLTAGE-GATED POTASSIUM CHANNELS
(KV CHANNELS)

The human genome contains 40 genes encoding for voltage-gated
potassium channels, which are grouped into 12 subfamilies (Kv1-
Kv12)1? as Table 2 summarizes. Kv channels are tetramers of a-
subunits, which usually associate with auxiliary g-subunits and/or K*
channel tetramerization domain proteins (KCTD).22:23

As a general feature, plasma membrane (de)polarization determines
whether Kv channels are open or closed, as they are open when the
membrane is depolarized and closed when it is hyperpolarized.?* In
addition, Kv channels show great molecular and functional diversity,
differing in the inactivation pattern, voltage dependence, and kinetics.
While Kv1, Kv2, and Kv4 are fast inactivated channels, the triggering of
Kv1, Kv4, and Kv7 channels occurs by low membrane depolarization,
and high depolarization is required for Kv2 and Kv3 opening.'? Chan-
nel diversity can arise from alternative splicing and/or heterogenic
assembling.1?2% The assemblage of Kv1, Kv7, and Kv10 a-subunits give
rise to heterotetramers with different functional properties compared
with the corresponding homotetramers.1? Moreover, Kv5, Kvé, Kv8,
and Kv9 are electrically silent a-subunits that co-assemble with Kv2
and Kv3 a-subunits, thus forming channel complexes with modified
properties.242>

All Kv a-subunits are similar in structure, with six transmembrane
alpha-helices domains (TM1-TM&é) being located between the cytoso-
lic N- and C-termini. Helices TM1-TM4 form the VSD, and helices
TM5-TMé6 form the PD; TM5 and TMé6 are joined by an extracellular
phosphatase-binding loop (P-loop) that constitutes the ion selectiv-

ity filter in the functional channel (Figure 3).26-28 The assemblage of
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(A)
P loop
T™:
Ki channels Kzp channels
(2TM/P structure) (4TM/2P structure)

Kv and Kiigana channels
(4TM/2P structure)

FIGURE 1 Classification and general structure of potassium channels. (A) K;, channels present a 2TM/P structure, which consists of two
transmembrane a-helices and a connecting P-loop; this corresponds to the canonical structure of K* channels. (B) K,p channels present a 4TM/2P
structure and contain two consecutive 2TM/P sequences. (C) Kv and Kjiganq channels present a 6TM/P structure, with four transmembrane
a-helices followed by a connecting loop and a 2TM/P sequence. TM: transmembrane segment.

Acrosomal region

Mouse: Kv1.1, Kv1.2, Kir3.2

Pig: Kir3.2, Kca1.1 A .
Rat: Kir5.1 Connecting piece Mouse: Kv3.1 Human: Kv7.1
- Human: Kv7.1 Pig: KeaT.1
Mouse: Kir3.1, K»9 Pig: Kcal.1 Rat- Kir5.1
Human: Kv7.1 Rat: Kir5.1 ' .

Post-acrosomal region

[ Midpiece

Mouse: Kv1.1, Kv1.2, Kir6.2
Human: Kv1.1, Kv1.5

Mouse: Kir6.2, K»p9

Cattle: Kv1.1 Kv7.1, Kea5.1

Pig: Kca1.1 Cattle: Kv1.1

Rat: Kir5.1 Pig: Kir3.3, Kca1.1
Rat: Kir5.1

FIGURE 2

Human: Kv1.1, Kv1.5,

[ Principal piece

Mouse: Kv1.1, Kv1.2
Human: Kv7.1, Kca1.1
Cattle: Kv1.1

Pig: Kca1.1

Rat: Kir5.1, Kc.5.1

Localization of potassium channels in the spermatozoa of different mammalian species (acrosomal region, post-acrosomal region,

connecting piece, midpiece, annulus, principal piece, and terminal piece). When a channel has been described to be located in the sperm head
without specifying the region, it has been considered to be present in both the acrosomal and post-acrosomal regions. When a channel has been
found to be located in the sperm tail without specifying the region, it has been considered to be present in the midpiece, annulus, principal piece,
and terminal piece. Kv: voltage-gated K* channels; K;,: inwardly rectifying K+ channels; K¢,: calcium-gated K* channels; K,p: tandem pore domain

K* channels.

four a-subunits gives rise to a Kv channel constituted by four periph-
eral VSDs that surround and attach weakly to the central pore.2?-32
Voltage-gated sodium (Nav), calcium (Cav), and proton (HVCN1) chan-
nels have also been reported to contain VSDs.3334 The capability of
VSDs to sense voltage is conferred by positively charged amino acid
residues (mainly Arg and Lys) in the TM4; the number of such residues
varies from six to 13 depending on the channel type.1?3° Interest-
ingly, positively charged residues are separated by two hydrophobic
residues, thus forming a triplet residue motif that is evolutionarily con-
served and is necessary for voltage sensing.2’ The positive charges of
the TM4 segment are balanced by negatively charged residues present
in other transmembrane segments, mainly TM2 and TM3; moreover,
electrostatic interactions between transmembrane helices favor the
TM4 movement within the lipid bilayer.2%:31

Channel activation during depolarization induces VSD confor-
mational changes that are transferred to the channel pore, thus
changing its conformation from closed to open state.?* Noticeably,
the K* flux in the open state is dependent on the electrochemi-
cal gradient.2 Upon repolarization, VDS returns to its resting state,
which induces channel deactivation by closing the pore.2* Immedi-
ately after deactivation, channels can be activated again; however,
if depolarization-induced activation extends beyond a few millisec-
onds, channels switch to the inactivated state.2* Kv channels recover
from inactivation only after spending enough time at a hyperpolar-
ized potential.3¢ Interestingly, while 8-subunits can modify the kinetics
of Kv activation, they do not alter the voltage dependence.820-37
B-Subunits associated to Kv channels belong to the KCNE family,
which consists of five members (KCNE1-KCNE5)—each encoded by
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TABLE 1 Types of potassium channels present in the plasma membrane of mammalian germ cells.

Germ cell generation
Spermatogonia

Kv7.1or KCNQ1

Kir3.1, KCNJ3. or GIRK1
Kvé6.4 or KCNG4
Kir5.1or KCNJ16

ANDROLOGY

Kcal.1, KCNMA1, SLO1, BK, or MaxiK

Spermatocytes

Kvé6.4 or KCNG4

Kir3.1, KCNJ3, or GIRK1
Kir5.1 or KCNJ16

Kcal.1, KCNMA1, SLO1, BK, or MaxiK

Spermatids
Kv1.3 or KCNA3

Kvé.4 or KCNG4

Kir3.1, KCNJ3, or GIRK1
Kir3.2, KCNJ6, or GIRK2
Kir5.1or KCNJ16
Sperm cells

Kv1.1 or KCNA1

Kv1.2 or KCNA2

Kv1.5 or KCNA5

Kv3.1 or KCNC1

Kv7.1or KCNQ1

Kir3.1, KCNJ3, or GIRK1
Kir3.2, KCNJ6, or GIRK2
Kir5.1 or KCNJ16
Kir6.2, Kap, or KCNJ11
K5p9 or KCNK9

Kcal.1, KCNMA1, SLO1, BK, or MaxiK

Kea5.1, KCNU1, or SLO3

y
NDROLOGY
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Species

Rat,*? human®?
Mouse*?
Mouse?’
Mouse,®? rat’4

Rat*?

Mouse?®
Mouse*?
Mouse,®? rat’4

Rat#?

Rat4351

Mouse?’
Mouse*?
Mouse’®

Mouse,®? rat’4

Mouse,*? human,*! cattle’*

Mouse*?

Human*!

Mouse*?

Human?®
Mouse*?

Pig,’® mouse’®
Rat’4

Mouse®®
Mouse*!

Human’123A124 pig125*127
Human 45,92,108,110,112,126,134
rat, 197 mouse105:109,137-139
)

Function

Cell proliferation
Cell proliferation
Cell proliferation
Unknown

Plasma membrane potential

Cell proliferation
Cell proliferation
Unknown

Plasma membrane potential

Resting membrane potential
Cell volume regulation

Unknown
Unknown
Unknown

Unknown

Cell volume regulation
Sperm capacitation

Cell volume regulation
Sperm capacitation

Cell volume regulation
Sperm capacitation

Cell volume regulation
Sperm capacitation

Sperm capacitation
Sperm capacitation
Sperm capacitation
Sperm capacitation
Sperm capacitation
Cell volume regulation
Sperm capacitation

Osmotic homeostasis
Sperm capacitation

a specific gene (KCNE1-KCNES5)—that share a similar structure, with
a single transmembrane domain, an inner C-terminus, and an outer
N-terminus.3” Kv channels can also associate with other regulatory
proteins, mainly with those of the KCTD family, which is consti-
tuted by 25 members that not only participate in Kv regulation but
are also involved in cell apoptosis and protein ubiquitination and
degradation.2338 KCTD are small cytoplasmic proteins (40 kDa) that
have an amino acid sequence such as the cytoplasmic domain of Kv
channels, and usually associate with Kv a-subunits at a 1:1 ratio?23%;

the N-terminal domain is relatively conserved, whereas the C-terminal

one shows great diversity.3? In mouse testis, the complexes formed
by KCTD19 and zinc finger protein 541 (ZFP541) localize in the
nucleus of spermatocytes and round spermatids, but are absent from
elongating spermatids23; these complexes are involved in chromatin
reorganization during meiosis.2>4% In Kctd19~/~ mice, spermatocytes
show meiotic arrest and undergo apoptosis, whereas spermatids are
lacking.2?

Little data exist about the types and distribution of Kv channels
in differentiating and mature sperm cells (Table 1). Recent evidence

suggests the presence of Kv1, Kv3, and Kv7 in mature spermatozoa;
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(A) P loop (B)
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Positive

residues En ™4

Transducer box

Kv channels
(4TM/2P structure)

(D) (E)

(F)

Positive
residues in TM4

FIGURE 3 Structural characteristics of voltage-gated K* channels (Kv). (A) Voltage-gated K* channels present a large N-terminal domain,
which includes the tetramerization domain (T1) and the inactivation ball (IB). The transmembrane segment TM4 presents a series of positively
charged residues that form a voltage-sensing domain (VSD). The loop between TM4 and TM5 is the inactivation-ball-binding loop. (B) Voltage-
gated K* channels arrange in tetramers, and the regions corresponding to T1 and IB form a large intracellular domain. (C) Transmembrane domains
from different monomers overlap. Darker residues highlight the TM4-5 connecting loop. Positively charged residues from the VSD in TM4 are
highlighted (light blue). (D) The tetrameric structure forms a central pore that involves TM5-6 and the connecting loop between TM4 and TM5
(squares) of each monomer, whereas TM1-4 are not directly involved in the structure of the central pore. (E) P-loops (darker residues) are oriented
toward the central pore, and the VSD in TM4 (light blue) is found outside of the pore. (F) Each P-loop presents a GYG sequence, which contributes

to the selectivity filter (PDB reference 7EJ1). TM: transmembrane segment.

however, differences exist in the activity and localization according
to the species. Kv1 subfamily includes eight members (Kv1.1-Kv1.8,
or KCNA1-KCNA 8) and Kv3 four (Kv3.1-Kv3.4, or KCNC1-KCNC4);
thus far, immunolocalization approaches have allowed for the elu-
cidation of the presence of Kv1.1, Kv1.2, Kv1.5, and Kv3.1 in the
plasma membrane of mature sperm cells from mammals, and the
absence of Kv1.4, Kv4.2, and Kv4.3 subunits in human spermatozoa.*!
In mice,*? humans,*! and cattle,'* Kv1.1 (KCNA1) channels (56 kDa),
as revealed by immunostaining, localize over the sperm head and flag-
ellum. In mouse spermatozoa, Kv1.2 (KCNA2) channels show positive

immunoreactivity in the sperm head and principal piece, and Kv3.1

(KCNC1) in the annulus.*?2 Kv1.5 (KCNAS5) channels (76 kDa) are
immunolocalized in the post-acrosomal region and midpiece of human
spermatozoa.*! The specific role of each channel type is unknown,
but Kv channels contribute, together with other K* channels, in
the volume regulation of sperm cells during epididymal maturation
and after ejaculation,*! and in the K* outflow that triggers plasma
membrane hyperpolarization and acrosome exocytosis during sperm
capacitation.81443 Extracellular K* concentration increases progres-
sively throughout the epididymal duct, which favors a rise in the
intracellular levels of K* in sperm cells; this increase of inner K* is asso-

ciated to a decrease of sperm volume.*! High extracellular K* levels
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TABLE 2 Diversity of voltage-gated potassium (Kv) channels and
the coding genes in mammals.

Kv channels Coding gene
Kv1.1or KCNA1 Kcnal/KCNA1
Kv1.2 or KCNA2 Kcna2/KCNA2
Kv1.3 or KCNA3 Kcna3/KCNA3
Kv1.4 or KCNA4 Kcna4/KCNA4
Kv1.5 or KCNA5 Kcna5/KCNAS
Kv1.6 or KCNA6 Kcnaé/KCNA6
Kv1.7 or KCNA7 Kcna7/KCNA7
Kv1.8 or KCNA10 Kcna10/KCNA10
Kv2.1or KCNB1 Kenb1/KCNB1
Kv2.2 or KCNB2 Kcnb2/KCNB2
Kv3.10or KCNC1 Kenc1/KCNC1
Kv3.2 or KCNC2 Kcnc2/KCNC2
Kv3.3 or KCNC3 Kcnc3/KCNC3
Kv3.4 or KCNC4 Kcnc4/KCNC4
Kv4.1or KCND1 Kend1/KCND1
Kv4.2 or KCND2 Kend2/KCND2
Kv4.3 or KCND3 Kend3/KCND3
Kv5.1 or KCNF1 Kenf1/KCNF1
Kvé.1 or KCNG1 Kcng1/KCNG1
Kv6.2 or KCNG2 Kcng2/KCNG2
Kv6.3 or KCNG3 Kcng3/KCNG3
Kvé.4 or KCNG4 Kcng4/KCNG4
Kv7.1or KCNQ1 Kcng1/KCNQ1
Kv7.2 or KCNQ2 Kcng2/KCNQ2
Kv7.3or KCNQ3 Kcng3/KCNQ3
Kv7.4 or KCNQ4 Kcng4/KCNQ4
Kv7.5 or KCNQ5 Kcng5/KCNQ5
Kv8.1 or KCNV1 Kenv1/KCNV1
Kv8.2 or KCNV2 Kenv2/KCNV2
Kv9.1 or KCNS1 Kens1/KCNS1
Kv9.2 or KCNS2 Kcns2/KCNS2
Kv9.3 or KCNS3 Kcns3/KCNS3
Kv10.1 or KCNH1 Kenh1/KCNH1
Kv10.2 or KCNH5 Kcnh5/KCNH5
Kv11.1 or KCNH2 Kenh2/KCNH2
Kv11.2 or KCNH6 Kcnh6/KCNH6
Kv11.3 or KCNH6 Kenh7/KCNH7
Kv12.1 or KCNH8 Kcnh8/KCNH8
Kv12.2 or KCNH3 Kcnh3/KCNH3

Abbreviations: KCNA, potassium voltage-gated channel subfamily A mem-
bers; KCNB, potassium voltage-gated channel subfamily B members;
KCNC, potassium voltage-gated channel subfamily C members; KCND,
potassium voltage-gated channel subfamily D members; KCNF, potassium
voltage-gated channel subfamily F members; KCNG, potassium voltage-
gated channel subfamily G members; KCNH, potassium voltage-gated
channel subfamily H members; KCNQ, potassium voltage-gated channel
subfamily Q members; KCNS, potassium voltage-gated channel subfamily
S members; KCNV, potassium voltage-gated channel subfamily V members
(adapted from Gonzélez et al.1?).
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also prevent premature membrane hyperpolarization and, thus, sperm
capacitation.#44>

Kv7 subfamily is constituted by five members (Kv7.1-Kv7.5, or
KCNQ1-KCNQ5). Kv7.1 (KCNQ1, or KvLQT1) is expressed in a wide
range of human tissues and cells,®%2 and can interact with different
auxiliary subunits that are tissue specific.*¢4’ Kv7.1 are tetrameric
channels of low conductance; each a-subunit contains six transmem-
brane segments (TM1-TMé) and four intracellular C-terminal helices
(HA-HD).28:3448 &-Subunits can further co-assemble with auxiliary -
subunits, mainly from the KCNE family.*¢*? In human spermatozoa,
Kv7.1 (70 kDa) distributes throughout the plasma membrane as evi-
denced by indirect immunofluorescence, and associates with KCNE1
(15 kDa) in the neck and the tail.® Both proteins contribute to K*
efflux and, hence, to membrane hyperpolarization during sperm capac-
itation, as well as to protein phosphorylation, motility hyperactivation,
and acrosome exocytosis.8 Kv7.1 activity is regulated by calmodulin, a
cytosolic Ca2*-binding protein that interacts with intracellular helices
HA and HB; therefore, low inner Ca2* levels are associated to Kv7.1
inactivation.*® In sperm cells, calmodulin locates in the head and flag-
ellum, and activates additional phosphorylation cascades regulated by
calmodulin kinase that are also essential for both hyperactivation of
sperm motility and acrosomal exocytosis.'%°% Pharmacological block-
ade of Kv channels in capacitated spermatozoa inhibits K* efflux,
thus resulting in prolonged membrane depolarization, impaired hyper-
polarization, and acrosome exocytosis.”#* In humans, however, this
inhibition of Kv channels only alters sperm capacitation partially,
because of the compensatory effect of other K* channels, mainly SLO1
and SLO3.84°

Most studies on the presence and role of Kv channels in differenti-
ating male germ cells have been performed in rodents. In rats, patch
clamping and immunofluorescence showed the presence of Kv1.3
(KCNA3) channels in the plasma membrane of round and elongat-
ing spermatids, where they seem to be involved in the regulation of
the resting membrane potential, intracellular levels of Ca2t and K*,
and cell volume during spermiogenesis.*>>1 In mouse, adult trans-
genic males with Kcng4 deletion are sterile, and exhibit a significantly
reduced sperm concentration, motility, and morphology, with sperm
cells having smaller heads and shorter tails than the control.2> These
data support that Kv6.4 (KCNG4) has an essential role during germ cell
proliferation and spermiogenesis.?> In the rat testis, in situ hybridiza-
tion assays allowed for the identification of both Kv7.1 (KCNQ1) and
auxiliary KCNE1 subunits in spermatogonia, but not in meiotic or post-
meiotic germ cells or in somatic testicular cells, thus suggesting that
they are involved in the proliferation of undifferentiated germ cells.>2
Interestingly, neither Kv7.1 nor KCNE1 protein subunits are present
in patients with Sertoli cells-only syndrome,®? whereas the massive
proliferation of spermatogonia occurring in patients affected by semi-
noma, a slow-growing testicular cancer, is associated to an increased
expression of both Kv7.1 (KCNQ1) and KCNE1,°2 as well as of other K*
channels.>® Moreover, human asthenospermia can be associated to an
abnormal methylation of the Kcng1 gene, which leads to inappropriate

gene transcription that can be transmitted to the embryo.>*

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702



DELGADO-BERMUDEZ kT AL.

TABLE 3 Diversity of inwardly rectifying potassium (K;.) channels
and the coding genes in mammals.

K;. channel Coding gene
Kir1.1 or KCNJ1 Kcnj1/KCNJ1
K;2.1 or KCNJ2 Kcnj2/KCNJ2
Ki;2.2 or KCNJ12 Kcnj12/KCNJ12
K;;2.3 or KCNJ4 Kcnj4/KCNJ4
K;;2.4 or KCNJ14 Kcnj14/KCNJ14
K;-3.1 or KCNJ3 or GIRK1 Kcnj3/KCNJ3
K;+3.2 or KCNJ6 or GIRK2 Kcnj6/KCNJ6
K;r3.3 or KCNJ9 or GIRK3 Kcnj9/KCNJ9
K;; 3.4 or KCNJ5 Kcnj5/KCNJ5
K;4.1 or KCNJ10 Kcnj10/KCNJ10
Kir4.2 or KCNJ15 Kcnj15/KCNJ15
K;:5.1or KCNJ16 Kcnj16/KCNJ16
K;r6.1or KCNJ8 Kcnj8/KCNJ8
K; 6.2 or KCNJ11 Kcnj11/KCNJ11
K;;7.1or KCNJ13 Kcnj13/KCNJ13

Abbreviations: GIRK, G protein-coupled inwardly rectifying potassium
channel; KCNJ, potassium inwardly rectifying channels subfamily J mem-
bers (adapted from Gonzalez et al.’? and Poli et al.*®).

3 | INWARDLY RECTIFYING POTASSIUM
CHANNELS (K;, CHANNELS)

Inwardly rectifying potassium channels (K;. channels), also known
as KCNJ, are involved in the maintenance of the resting membrane
potential by the inward conductance of K*.>> They are currently
grouped into seven subfamilies (K; 1-K;.7; Table 3), the subunits
being encoded by 15 different genes (KCNJ1-KCNJ16).15195¢ K.
channels are activated by membrane hyperpolarization rather than
depolarization, thus favoring K* influx into the cell, and are mod-
ulated by different mediators, including ions, phospholipids, and
proteins.>®

K;. channels have either a homo- or a heterotretameric structure,
with the pore extending beyond the transmembrane region to the
cytosol, two inner N- and C-termini, and two gates formed by the P-
loop and the G-loop, respectively (Figure 4).1%° All subunits have two
transmembrane spanning helices (TM1 and TM2) that are linked by
the P-loop, which works as an extracellular ion selectivity filter.>/->8
This outer selectivity filter constitutes the narrowest part of the pore
and contains four binding sites for K* ions.>” The cytosolic C-terminal
domain has several 3-sheets and extends the ion conduction path-
way; it contains different binding sites for regulatory mediators, mainly
Mg2* and polyamines,® which are evolutionary conserved and crit-
ical to inward rectification,”?-¢1 K;. channels also contain a narrow
G-loop in the apex of the cytosolic domain, which has an intrinsic flex-
ibility and adopts different conformations in the resting, activated,
and inactivated states.?”7¢0¢1 The G-loop acts as a lower gate and can

also modulate the upper gate.>?%2 Interestingly, activation of K;, chan-
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nels depends on the binding of phosphatidylinositol 4,5-bisphosphate
(P1(4,5)P,) to the interface region between the pore and cytosolic
domains,®® thus inducing translational movements toward transmem-
brane domains and conformational changes in the cytosolic domain.®*
K;. gating can also be modulated by ATP/ADP ratio, channel phospho-
rylation, and G-proteins.1?58 Furthermore, the mechanism of inward
rectification by K;, requires intracellular MgZ* and polyamines, which
occlude the outward flow of K* by binding to the cytoplasmic side of
the pore.>>>7

K;. family includes Kapp channels, which are weak inward

7 and act as metabolic sensors that regulate plasma

65 In

rectifiers®
membrane potential based on the intracellular ATP/ADP balance.
effect, Karp channels are inhibited by intracellular ATP and activated
by ADP?%366; therefore, a rise in ATP/ADP ratio results in channel
closing and thus in cell depolarization.®4¢7 Kgp channels are formed
by a tetramer of K;.6.1 and/or K;.6.2 subunits plus four subunits of
sulfonylurea receptor (SUR1 and/or SUR2), a member of the ATP-
binding cassette (ABC) family that confers a specific sensitivity to
ATP/ADP variations.>¢® The assemblage of all these subunits gives
rise to an octameric channel, where K;.6 subunits form the pore and
are surrounded by SUR receptor subunits.®¢-¢7

The types and relevance of K;. channels in spermatozoa remain
largely unknown (Table 1). In rodents, patch-clamp analyses have
demonstrated the presence of K;. channels in the plasma membrane
of differentiating and mature sperm cells.”2¢? K;.3 subfamily is con-
stituted by four members (Table 3): K;.3.1 (KCNJ3 or GIRK1), K;3.2
(KCNJ6 or GIRK?2), K;3.3 (KCNJ9 or GIRK3), and K;,3.4 (KCNJ5).%?
K;-3 are G-protein-gated, inwardly rectifying potassium channels
(GIRK), which assemble forming either homo- or heterotetramers that
regulate the membrane potential of several cell types.*2°> In mouse
germ cells, K;3.1 (KNCJ3/GIRK1) and K;.3.2 (KCNJ6/GIRK2) form
homotetrameric channels of around 40 kDa.”® Also in this species,
positive immunoreactivity of K;3.1 (KCNJ3/GIRK1) is observed in
spermatogonia and primary spermatocytes, and in the connecting
piece of epididymal and mature spermatozoa.*? In reverse transcrip-
tion gPCR analyses, Kcnj3 transcripts were only detected in types A
and B spermatogonia, but not in fully differentiated sperm cells, thus
suggesting that gene transcription only takes place at early stages of

spermatogenesis’®

; nevertheless, its specific role in cell proliferation
has not been described. Immunolocalization approaches showed the
presence of K;,3.2 protein (KCNJ6/GIRK?2) in the caudal manchette of
mouse spermatids and in the acrosomal region of testicular and mature
sperm; in contrast, Kcnjé transcripts are only found in spermatids.”®
In mammals, K;.3.2 channels are involved in spermiogenesis, sperm
capacitation, and acrosomal exocytosis,”? and the activity of these
channels during spermiogenesis is under the control of G-protein, Na*,
and PI(4,5)P2.71 Yet, Kcnjé null mice are fertile, maybe because of a
compensatory effect of other GIRK channels.”® In pig spermatozoa,
whereas K;. 3.2 channels are immunolocalized in the acrosomal region
and have a molecular weight of 39 kDa, the amount of K;, 3.3 proteins
is low and the immunolocalization is restricted to the midpiece; in con-
trast, K;; 3.1 subunits have not been identified in the spermatozoa of

this species.”®
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K;: channels
(2TM/P structure)

Bundle crossing

Selectivity filter (3YG)

FIGURE 4 Structural characteristics of inwardly rectifying K* channels (K;.). (A) Inwardly rectifying K* channels present a basic structure that
consists of two transmembrane segments linked by a connecting P-loop. (B) Inwardly rectifying Kt channels arrange in tetramers that present a
large intracellular domain that controls the access to the transmembrane pore. Four cytoplasmic loops form a girdle around the central pore, the
G-loop, which contributes to the modulation of inward rectification. (C) Transmembrane domains from different monomers overlap, and at the
cytosolic end of the transmembrane pore, the TM2 segments cross to form a bundle crossing, which also contributes to the modulation of channel
gating. (D) The tetrameric structure forms a central pore that involves TM2 segments from the different monomers. (E) P-loops (darker residues)
are oriented toward the central pore. (F) Each P-loop presents a GYG sequence, which contributes to the selectivity filter (PDB reference 7ZDZ).

TM: transmembrane segment.

In most tissues, K;.5.1 controls K* fluxes during acid-basic changes,
and regulates cellular processes that are pH dependent.!® Acidifica-
tion of pH; inhibits K;.5.1 leading to plasma membrane depolarization,
whereas pH; alkalinization results in membrane hyperpolarization’%73;
to note, these channels are insensitive to extracellular pH (pHo).15
K;-5.1 can form homo- or heterotetramers by co-assembling with
either K; 4.1 or K;.4.2 subunits; heterotetrameric channels have an
increased pH; sensitivity within the physiological range.l® In rodents,
patch-clamp and immunocytochemistry approaches showed the
presence of K;5.1 (KCNJ16) channels in the plasma membrane of
spermatogonia, spermatocytes, and spermatids, as well as throughout
the cephalic and tail regions of sperm cells.®?”# In murine spermatozoa,
K;-5.1 only forms homotetramers, as K;.5.1/K;-4.1 and K;.5.1/K;.4.2

heterotetramers are absent.!® In contrast, the previous identification

of K;4.1 and K;4.2 transcripts in human spermatozoa suggests the
presence of K;.5.1/K;.4.1 and K;.5.1/K;.4.2 heterotetramers, although
immunodetection of protein subunits has not been reported.'®> The
physiological role of K;.5.1 channels in differentiating mature germ
cells is still unknown. In mice, deletion of Kcnj16 is associated with
smaller testes and a greater percentage of sperm cells with folded
tails as compared with intact males,> thus suggesting a relevant role
during spermatogenesis. Interestingly, K;.5.1 channels are inactivated
in mature spermatozoa stored in the epididymal cauda because of the
slightly acidic pH; (~6.8)7°; in contrast, during sperm capacitation, pH;
alkalinization appears to increase K;.5.1 activity, thus contributing to
membrane hyperpolarization.?®

Few studies based on patch-clamping and indirect immunofluo-

rescence reported the presence of Karp channels in spermatogenic
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TABLE 4 Diversity of tandem pore domain potassium (K,p)

channels and the coding genes in mammals.

Kap channel Coding gene
Kop1 or KCNK1 Kenk1/KCNK1
K2p2 or KCNK2 Kcnk2/KCNK2
K2p3 or KCNK3 Kenk3/KCNK3
Kzp4 or KCNJ4 Kcnj4/KCNK4
Kop5 or KCNK5 Kcnk5/KCNKS
Kop6 or KCNK6 Kenk6/KCNKé
K2p7 or KCNK7 Kenk7/KCNK7
Kop92 or KCNK9 Kcnk9/KCNK9
K2p10 or KCNK10 Kcnk10/KCNK10
K2p12 or KCNK12 Kenk12/KCNK12
Kop13 or KCNK13 Kenk13/KCNK13
K2p15 or KCNK15 Kenk15/KCNK15
K2p16 or KCNK16 Kenk16/KCNK16
Kop17 or KCNK17 Kcnk17/KCNK17
K2p18 or KCNK18 Kcnk18/KCNK18

Abbreviation: KCNK, potassium channel subfamily K members (adapted
from Kuang et al.2%).

cells, despite being considered the most relevant K;. channels during
spermatogenesis.®® K;.6.2 and SUR2 monomers have been immun-
odetected in epididymal spermatozoa from rodents.”® Patch-clamp
and immunocytochemistry analyses also allowed for the identification
of K;-6.2 and SUR1 in the post-acrosomal region and the midpiece
of mouse spermatozoa, whereas SUR2 was found to be distributed
along the principal piece and, to a lesser extent, in the connecting
piece and midpiece.?® In this species, Karp is known to participate in
plasma membrane hyperpolarization; during sperm capacitation, the
increase in pH; favors Kap opening, and the decrease in ATP content
extends the opening time.®® Moreover, Karp channel subunits have
also been immunolocalized in Sertoli cells and Leydig cells.”” In Sertoli
cells, testosterone stimulus is associated to Kapp closing and further

depolarization of the plasma membrane.”87?

4 | TANDEM PORE DOMAIN POTASSIUM
CHANNELS

Kop family includes 15 different channel types (K,p1-K5p18), each
encoded by a single gene (Kcnk1-18; Table 4), which are abun-
dant in both excitable and non-excitable cells.?® In contrast to other
types of K* channels, Kyp are usually opened with the main gat-
ing site being in the extracellular domain.8%81 The channel activity
is under control of several mediators, including ions, pH;, osmolytes,
lipids, and proteins.1?82 Under physiological conditions, Kop open-
ing does not rely upon plasma membrane potential,®2 but rather
depends on its stretch and fatty acid content.!? In spite of this,

and as far as authors are aware, the effect of fatty acid compo-
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TABLE S5 Diversity of ligand-gated potassium (Kjigang) channels
and the coding genes in mammals.

Kjigana channel Coding gene

Kcal.1 or KCNMA1 or SLO1 or BK or MaxiK Kcnma1/KCNMA1

Kca2.1or KCNN1or SK¢,1 Kenn1/KCNN1
Kca2.2 or KCNN2 or SK¢,2 Kenn2/KCNN2
Kca2.3 or KCNN3 or SK¢,3 Kenn3/KCNN3
Kca3.1or KCNN4 or IK¢,1 Kenn4/KCNN4
Kca5.1 0r KCNU1 or SLO3 Kenu1/KCNU1
Knal.1 or KCNT1 or SLO2.2 or Slack Kent1/KCNT1

Kna1.2 or KCNT2 or SLO2.1 or Slick Kent2/KCNT2

Abbreviations: BK, big potassium channel; Kc,, Ca?*-dependent potas-
sium channel; KCNMA1, potassium calcium-activated channel subfamily
M member 1; KCNN, potassium calcium-activated channel subfamily N
members; KCNT, potassium calcium-activated channel subfamily T mem-
bers; KCNU1, potassium calcium-activated channel subfamily U member
1; Kna» Na*-dependent potassium channel (adapted from Gonzélez et al.,*?
Kaczmarek et al.,’® and Vicens et al.?%).

sition of the plasma membrane on channel function has not been
interrogated.

In mammals, all types of K,p channels present a dimeric structure,
forming either homo- or heterodimers; each subunit has four trans-
membrane a-helix segments (TM1-TM4), two P-loops (P1 and P2)
between TM1 and TM2 and between TM3 and TM4, respectively, and
ashort N- and a long C-termini located in the cytosol (Figure 5).81:83-85
The P1is a large extracellular loop that forms an overhead cap struc-
ture, whereas the inner N- and C-termini contain different motifs
that can regulate channel activity by phosphorylation and protein
interaction.®> Dimerization requires the interaction between TM1 and
P1 domains of both subunits, and gives rise to channels with a single
and central K+ selective pore.8183

The presence and distribution of K,p channels in germ cells has been
scarcely studied (Table 1). In mice, K2p9 transcripts were detected in

8687 and immunostaining

post-meiotic germ cells using microarrays,
allowed for the detection of K,p 9 subunits in the connecting piece and
midpiece of mature spermatozoa.*! Abundance of K* channels in the
connecting piece supports the hypothesis that the cytoplasmic droplet
has an essential role in fluid exchange and volume regulation during

sperm maturation and ejaculation.*1:88

5 | LIGAND-GATED POTASSIUM CHANNELS

Kiigand channels can be either CaZ*-dependent (K¢,) or Na*-dependent
(Kna), and their conductance large, intermediate, or small.1®87 K¢,
channels are grouped into three different families (Table 5): (i) Kc,1
family, which includes a single member (Kc,1.1, SLO1, BK or MaxiK
channel) encoded by KCNMA1; it is a large conductance channel and
not only is sensitive to Ca2* but it also depends on membrane voltage;
(i) Kca2 family, which includes three small conductance channels
(Kca2.1 or SKc,a1, Kea2.2 or SKe,2, and Ke,2.3 or SK,3), encoded by
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FIGURE 5 Structural characteristics of tandem pore domain K+ channels (K5p). (A) Tandem pore domain K+ channels present two P-loops.
The linker between the TM1 and the first P-loop is prominent, and forms the extracellular cap. (B and C) Tandem pore domain K* channels arrange
in dimers. Self-interacting-domain (SID) allows dimerization through the formation of disulfide bonds between cysteine residues (Cysé9) that are
present at the extracellular cap. Two different conformations of the TM segments have been identified: the classical configuration (B), and the
domain-swapped configuration (C). (D) The tetrameric structure forms a central pore that involves TM2 and TM4, whereas TM1 and TM3 are not
directly involved in the structure of the central pore. In the classical configuration, TM segments from one monomer do not overlap with the other,
and the outer helix from each TM1-P-loop 1 linker interacts with the inner helix from the same monomer. Meanwhile, in the domain-swapped
configuration, the TM1 segments present swapped positions, and the outer helix from each TM1-P-loop 1 linker interacts with the inner helix from
the other monomer. P-loops (darker residues) are oriented toward the central pore. The SID (blue residues) is present at the TM1-P-loop 1 linker, in
the extracellular cap. (E) P-loops (darker residues) are oriented toward the central pore. (F) Each P-loop presents a GYG sequence that contributes
to the selectivity filter (PDB references 3UM7 [classical configuration] and 4BW5 [swapped domain configuration]). TM: transmembrane segment.

KCNN1-KCNN3 genes that are insensitive to membrane voltage, and two different Ky, channels have been identified (Table 5): Ky,1.1,
the Kc,3.1, SK4, or IKc,1 channel, of intermediate conductance and Slack or SLO2.2; and Ky,1.2, Slick or SLO2.1, encoded by KCNT1
encoded by KCNN4; and (iii) Kc,5 family, formed by a single channel and KCNT2, respectively; the regulation of these large conductance
(Kca5.1, KCNU1, or SLO3) encoded by KCNU1 gene, which is voltage- channels does not only rely on Na* inner levels, but also on intracel-
and pH-dependent and presents high conductance.’31987 To date, lular CI~ levels.2387 |t is important to highlight that in the literature,

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702



DELGADO-BERMUDEZ kT AL.

(A)

(D)

Ca%in RCK
domains

ANDROLOGY @ E2H [NV

(B) Positive
residues in TM4

Ca? in RCK
domains

(E)

@ Positive

Selectivity filter (GYG)
3 B« \¥

FIGURE 6  Structural characteristics of ligand-gated K* channels (Kjigang). (A) Ligand-gated K* channels present an additional TM segment
(TMO). The transmembrane segment TM4 presents a series of positively charged residues that form a voltage-sensing domain (VSD). The loop
between TM4 and TM5 is the inactivation-ball-binding loop. They also present a large C-terminal domain that presents binding sites for their
ligands. In this case, a calcium-gated K* channel (SLO1) is represented, which presents two regulators of K* conductance (RCK) domains, each of
them formed by two segments (S). (B) Ligand-gated K* channels arrange in tetramers. Positively charged residues from the VSD in TM4 are
highlighted (light blue). Each RCK domain from calcium-gated K* channels present a binding site for calcium. (C) Transmembrane domains from
different monomers overlap. Darker residues highlight the TM4-5 connecting loop. (D) The tetrameric structure forms a central pore that involves
TM5-6 of each monomer, whereas TM1-4 are not directly involved in the structure of the central pore. (E) P-loops (darker residues) are oriented
toward the central pore, and the VSD in TM4 (light blue) is found outside of the pore. (F) Each P-loop presents a GYG sequence, which contributes
to the selectivity filter (PDB reference 6V38). TM: transmembrane segment.

Kna channels are often classified erroneously as Kc,4.1 and K¢,4.2.
According to Kaczmarek,”® the term Slack means “Sequence like a
calcium-activated K* channel,” and Slick means “Sequence like an
intermediate conductance K+ channel.”

Kiigand channels have great structural similarities with Kv, and they
arise from the assemblage of four a-subunits forming either homo-
or heterotretamers; active channels also contain auxiliary - and
y-subunits.”1-73 -Subunits can have either two or six TM domains, or
even additional TMs, and an extensive C-terminus domain that acts as

a binding site for different intracellular factors that modulate channel

gating (Figure 6).20.94-96 The active sites of the cytosolic domain differ
between a-subunits and so its properties for interacting with different
regulatory signals; in most channels, not only do cytosolic domains
sense the variations in ligand levels, but they can also act as receptor
centers for different messengers, including cAMP2? NADP+,?7 and
ATP.70 K¢, channels participate in many biological processes including
generation of action potentials, modulation of the tone of blood
vessels, and release of hormones and neurotransmitters.”? In the
central nervous system, K¢, can co-assemble with multiple types of

Ca, channels to form macromolecular complexes that regulate and
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modify K¢, activity.?®100 g-Subunits of K¢, channels have two trans-

membrane segments connected by an extracellular loop; the N- and
C-termini are placed in the cytoplasm.?2 These subunits increase the
Ca?Z* sensitivity, and can either increase or decrease the voltage depen-
dence of K¢, channels; moreover, it has also been suggested that they

participate in K¢, channel trafficking toward the plasma membrane.??

5.1 | Calcium-gated potassium channels
(Kca channels)

SLO1 (Kc,1.1) and SLO3 (Kc,5.1) are considered the main K¢, chan-
nels regulating K* currents in spermatozoa, and hence the inner
osmolality and membrane potential.1°* Both channels show marked
functional differences, but they are evolutionary related arising from
the duplication of an ancestral SLO gene.2%2 SLO1 channels are highly
conserved, widely expressed Ca2*-activated channels that participate
in excitatory signals in both neural and non-neural cells; nevertheless,
differences exist between cell types in the kinetic behavior, phar-
macological sensitivity, and regulation mechanisms of SLO1.8%103 As
Kca1.1 subunits are encoded by a single gene, differences between
cells regarding SLO1 are related to both alternative splicing of mMRNA
and association with specific auxiliary subunits.131%% In contrast, SLO3
channels show a reduced CaZ* sensitivity as compared with SLO1,
which could be because of a fast evolution of CaZ*-binding sites; they
express mainly in differentiating and mature sperm cells and play
important roles in sperm physiology and male fertility.17:105-108 |nter-
estingly, gating properties of SLO3 channels vary between species,
probably because of a rapid sequence divergence, mainly in the cytoso-
lic domain that result in a great site diversity for intracellular sensors
implicated in gating regulation.8%-107.109.110 gpecific SLO3 gating has
been reported in some mammalian species; in mice, SLO3 channels are
activated by intracellular alkalinization,1! whereas in humans they are
triggered by both an increase in Ca2* levels and alkaline pH;.#%110.112
Functional K¢, 1.1, BK, or SLO1 channels arise from the assemblage
of four a-subunits that usually associate with auxiliary §- and y-
subunits.” Each a-subunit consists of seven transmembrane domains,
six canonical (TM1-TMé) and one additional (TMO) before TM1, and
a P-loop between TM5 and TMé6 (Figure 6).1? TMO domain contacts
and interacts with VSDs (TM1-TM4), thus modulating the balance
between resting and activated states of the channel.1*3 The sensitiv-
ity to membrane voltage is conferred by charged residues of TM2,
TMS, and especially, TM4 domains, which contain Arg or Lys residues
at every third position that respond to changes in membrane volt-
age even at low intracellular CaZ* levels!?114: moreover, TM1, TM2,
and TM3 have an essential role in the physical association with auxil-
iary g-subunits.’” CaZ* binding to the eight RCK domains of a K¢, 1.1
tetramer results in a conformational change that extends to transmem-
brane domains through TM6.131? Noticeably, activation by increased
Ca?* levels requires the shift of voltage dependence to progressively
more negative potentials.'® The N-terminus localizes outside the cell,
and the large cytosolic C-terminus contains two regulators of the con-
ductance of potassium (RCK1 and RCK2), which act as binding sites
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for Ca?* and Mg2* ions.?%115-117 |n the tetrameric structure, the
C-termini assemble forming a gating ring.!

SLO1 channels also contain auxiliary 8- and y-subunits, which reg-
ulate their gating.''® -Subunits (81-34), encoded by four different
genes (KCNMB1-KCNMB4), locate between the VSD of two adjacent a-
subunits!18:11%; this association between a- and g-subunits increases
the sensitivity of the channel to Ca2+.1? Each -subunit has two trans-
membrane domains (TM1 and TM2); the N-terminus contains a short
N-loop that precedes TM1, whereas the short C-terminus extends
beyond TM2.11? Gamma-subunits belong to the family of leucine-
rich repeat containing membrane proteins (LRRC), which have an
extracellular N-terminal domain with a signal sequence, a single trans-
membrane segment, and a short C-cytosolic domain with 17—24 amino
acid residues.3”1%4 Different LRRC proteins modulate SLO1 sensitivity
to membrane potential and Ca2t, mainly LRRC26, LRRC52, LRRC55,
LRTM1, and LRTM2.120 Moreover, it has been reported that LINGO1,
which belongs to the subfamily of leucine-rich repeat and lg domain-
containing proteins (LINGO1-LINGO4), can also act as an auxiliary
subunit that mediates fast SLO1 current inactivation.'?! The stoi-
chiometry is variable, so the number of 8- and y-subunits associated to
a single SLO1 channel can vary from one to four.118122

In rats, SLO1 channels form a 122 kDa band, and localize mainly
in primary spermatocytes and to a lesser extent in spermatogonia as
evidenced by patch-clamping and immunocytochemistry; in contrast,
spermatids and mature spermatozoa are devoid of these channels.*3
As previously indicated, the composition of Kv and K;, channels also
differs between differentiating germ cells; these differences in potas-
sium channel content suggest that cell proliferation and differentiation
during spermatogenesis is associated with changes in the plasma mem-
brane potential of germ cells.*®> In human spermatozoa, SLO1 has a
molecular weight of 110—130 kDa and, as immunostaining revealed,
localizes in the principal piece close to CatSper channels, both chan-
nel types being functionally related to K+ and Ca?* conductance
through the sperm tail.123124 |n pigs, immunofluorescence demon-
strated that SLO1 channels (80 kDa) are widely distributed throughout
the sperm tail and the post-acrosomal region, and they seem to
be implicated in the mobilization of inner Ca2+ stores of the post-
acrosomal region during sperm capacitation.'2% In both human2¢ and
pig spermatozoa,?>127 K+ conductance throughout the sperm flagel-
lum does not only rely on SLO1, but also on other K* channels. In Leydig
cells, SLO1 channels exert a relevant role in steroidogenesis, favor-
ing K+ efflux and plasma membrane hyperpolarization upon luteinizing
hormone (LH) stimulus.28

Kca2 and Ke,3 a-subunits contain six a-helix transmembrane
domains (TM1-TMé); the pore-forming domain localizes in TM5 and
TMé, both segments being joined by a P-loop; intracellular N- and
C-termini account for channel diversity.!? The TM4 domain has few
positively charged residues, which explains why these channels are
insensitive to changes of membrane potential.’® K¢,2 and K¢,3 chan-
nels associate constitutively to calmodulin, which confers them a
great sensitivity to small changes in intracellular Ca2* levels!??; the
calmodulin-binding domain localizes adjacent to TM6.1? Moreover,

Kca2.2 and Kc,2.3 channels are part of a multiprotein complex formed
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by calmodulin, casein kinase 2, and protein phosphatase 2A.130.131
Casein kinase 2 can phosphorylate threonine residues of calmodulin,
thus reducing Ca2+ sensitivity and inducing a fast channel closing after
a transient increase of intracellular CaZ* levels; the activation of pro-
tein phosphatase 2A reverses this effect.13%131 While calmodulin has
an essential regulatory role during sperm capacitation (reviewed by
Delgado-Bermudez et al.?), the presence of Kc,2 and Kc,3 in differ-
entiating and mature sperm cells has not, to the best of the authors’
knowledge, been reported.

The Kc,5 family is constituted of a single channel type (K¢;5.1,
KCNU1, or SLO3) encoded by the KCNU1 gene. Despite purport-
edly being present exclusively in the testis and sperm cells of
mammals,?2105.126 recent evidence demonstrated the presence of
SLO3 in fish, bird, and reptile testis,’°? and in rat brain, kidney, and
eye.’32 K,5.1is a voltage-dependent, large-conductance channel that
shows a high homology of sequence and structure with Kc,1.172;
moreover, it is also pH sensitive, being activated by alkalinization and
suppressed by acidification.17-111.133

Kc,5.1 a-subunits contain seven transmembrane segments (TMO-
TM6) and an extracellular N-terminus with a voltage sensor; the
residues from 330 to 1062 of the C-terminus are implicated in the
formation of the gating ring, which include the regulators RCK1 and
RCK2.92134 Differences in the sequence and length of amino acid
residues in the RCK1 domain have been suggested to explain the dis-
parities in voltage sensitivity and kinetics of SLO3 between mouse
and bovine spermatozoa,’?19? whereas variations in RCK2 could be
related to differences in the active sites of cytosolic domains.”> More-
over, adaptive mutations in the RCK2 domain have been hypothesized
to underlie the differences between species in terms of the pH; sensi-
tivity of SLO3 channels.? In mouse, the mutant SLO3 protein resulting
from the substitution of His by Arg at position 715 (H715R) has low
stability and reduced ability to interact with other proteins because of
the changes in hydrogen-binding networks.1%8 In contrast, the variant
allele C382R, which substitutes a Cys by an Arg, increases the sensitiv-
ity of SLO3 to both inner Ca2+ and pH;.119 Moreover, mouse SLO3 has
high affinity to PI(4,5)P2, which upregulates its activity.23 Interest-
ingly, SLO3 can associate with the g-subunit BK4 or KCNMB47! and
y-subunits LRRC52 and LRRC56 in spermatogenic mouse cells.! Specif-
ically, LRRC52 is a testis-specific subunit that induces SLO3 gating, and
whose expression is strongly dependent on the presence of SLO3 in the
plasma membrane.?:110

Whereas SLO3 channels in mouse spermatozoa have a molec-
ular weight of 120 kDa and show an intense K* conductance in
the principal piece, 10109110136 they are a little bit heavier (130-
140 kDa) in human spermatozoa where, as immunostaining indicates,
they localize throughout the sperm tail (130-140 kDa), especially in
the midpiece.’%134 |n humans, SLO1 and SLO3 can assemble form-
ing homo- and heterotetramers, thus increasing the functional and
regulation diversity of these channels.*> In mouse, however, SLO3 is
considered as the main K* channel involved in KSper current dur-
ing sperm capacitation; in effect, the activation of Kc,5.1 by the
alkaline environment in the oviduct around ovulation leads to sperm

membrane hyperpolarization prior to fertilization.23198.137 |nterest-
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ingly, K* permeability of SLO3 increases three times during capaci-
tation of spermatozoa, whereas Nat and CI~ currents remain nearly
invariable.'38 |n spite of this, not only does SLO3 gating during sperm
capacitation result in membrane hyperpolarization, but also in the acti-
vation of both sodium/proton exchangers (NHE), thus favoring pH;
alkalinization, 39140 and CatSper channels, which are implicated in the
rise of cytosolic CaZ* levels.?3? This involvement of K* channels in the
control of pH; has also been described in somatic cells.’*? It is worth
noting that pH; alkalinization and CatSper activation appears to differ
between humans and mice; in humans, the pH; increase during sperm
capacitation requiring the gating of both NHE and HCVN1 channels. 142

In rodents, mutations or absence of the Kcnul gene is associated
with the male infertility; therefore, spermatozoa from Kcnu1 null mice
show impaired progressive motility and defective membrane hyper-
polarization, which lead to an abnormal inactivation of CatSper and
other voltage-gated channels, thus resulting in defective acrosome
exocytosis.10°12¢ §jo3-deficient mice also show aberrant sperm mor-
phology, probably because of the impaired osmotic homeostasis.1%°
Even Lrrc52 knockout mice are sub-fertile, probably because the
absence of LRRC52 y-subunits entails that SLO3 channels require
higher positive voltages and pH; to induce KSper currents.’®’ In
rodents, the disturbances in SLO3 activity are poorly compensated
by other K* channels.!® In contrast to what is found in mice where
SLO3 are the main channels implicated in KSper currents; Kv, SLO1,
and SLO3 are involved in sperm physiology in humans.*8108 Thus,
infertile patients with intact Kcnul and Kcnmal genes can show alter-
ations in the KSper current.!® On the other hand, Kcnul mutations
have little impact on sperm quality, notwithstanding they may result
in male sub-fertility because of a defective hyperpolarization of the
plasma membrane in capacitated spermatozoa, 33 which in turn entails
an inability to interact with the oocyte.108126.136 |nterestingly, male
Kcnu1 mutations do not affect embryo development in mice or humans
after ICSI treatment, 198134 thus highlighting the relevance of the inter-
action between spermatozoa and oocyte plasma membranes during
fertilization. Finally, scientific evidence indicates that K¢,5.1 channels
are functionally different between mouse and human spermatozoa,
and that in humans they are more sensitive to internal Ca2* levels
and less to pH; than in rodents.#>92106.110.112 |n hymans, it has been
suggested that the main K* channel implicated in K* flux is SLO1
(Kca1.1).4128 In pigs, different pharmacological assays suggested that
sperm capacitation and acrosome exocytosis require the activation of

separate K* channels, including Kc,, Kv, and Kgp.125:127

5.2 | Sodium-gated potassium channels
(Kna channels)

Knal.1 channels (SLO2.2) are activated by changes in Na* and ClI~
concentrations.?*76143 -Subunits have six transmembrane domains
(TM1-TMé); the TM4 domain does not contain the repeated basic
amino acid motif characteristic of K¢, 1.1, so that Ky, 1.1 has a reduced
sensitivity to voltage changes.!** The cytoplasmic C-terminus also

has two RCK domains (RCK1 and RCK2); in the tetrameric structure,
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constriction of all RCK domains forms a cytoplasmic gating ring

that closes the channel pore.!*® RCK domains can be activated
by PI(4,5)P214° and nicotinamide adenine dinucleotide (NAD),4¢
whereas ATP induces the closing of the channel.’? RCK2 domain con-
stitutes the binding site of Na™ ions, and its mutations are associated
with a decrease in channel sensitivity to Na*.24” The activity of Ky,1.1
channels can also be regulated by different proteins, such as protein
kinase C, which phosphorylates serine residues of the linker region
between TMé and RCK domains, thus resulting in an increased K+

148

current amplitude, and the fragile X mental retardation protein

(FMRP), which interacts with the C-domain thus increasing the opening
time.149-151

Knal.1 isoforms arise from alternative splicing of RNA; one of
the best known is the Slack-B isoform, which has a long cytoplas-
mic N-terminal domain and associates with Ky,1.2, thus forming
heteromers.3 Slack-B can also interact with K¢, 1.1 proteins, thereby
providing new channels with different functional properties.!® Ky, 1.1
channels are expressed in the central and peripheral nervous systems,
as well as in the testis and kidney.152-15% The specific localization of
these channels in proliferating and differentiating sperm cells is, nev-
ertheless, unknown. On the other hand, Ky, 1.2 channels are very close
to Ky, 1.1, as sequence homology is 74% with major differences being
observed in the C-terminus.” In contrast to Ky,1.1, Ky, 1.2 channels
are sensitive to small changes in cell volume, being strongly gated by
cell swelling and inhibited by shrinkage.’®® In addition, Ky,1.2 chan-
nels are widely distributed throughout the nervous system and in a
variety of non-neuronal cells like the cardiac ones?#76.154.156. yet their
presence in immature and mature sperm cells has not been reported.

6 | CONCLUSIONS

KSper currents are essential for male fertility, as they are involved in
germ cell differentiation and maturation, and in sperm capacitation.
Little data, nonetheless, exist on the types of K* channels present in
male germ cells, and most of the studies are conducted in rodents
and humans, the results being non-comparable between these two
species. Scientific evidence shows the physiological relevance of Kv
and K;, channels in the regulation of ionic balance, membrane poten-
tial, and cell volume during spermatogenesis; epididymal maturation;
and sperm capacitation. Interestingly, the types of Kv and K;. chan-
nels differ between differentiating and mature sperm cells; however,
the specific role of each channel type remains unknown, as well as
the physiological relevance and functional relationship between them.
Remarkably, most studies of Kt channels are focused on the role of
SLO1 and SLO3 during sperm capacitation. Inrodents, SLO3 is essential
for Kt outflux and membrane hyperpolarization, whereas in humans
and pigs, K* conductance is mediated by Kv, SLO1, and SLO3. Con-
sidering the relevance of K* conductance for male fertility, further
research to identify the types of K* channels present in differenti-
ating and mature sperm cells, and their physiological role is much
warranted.

DELGADO-BERMUDEZ kT AL.

AUTHOR CONTRIBUTIONS

Elisabeth Pinart conceived the review article, prepared tables, and
wrote the original draft. Ariadna Delgado-Bermudez drew the figures.
Marc Yeste and Sergi Bonet made a critical revision of the manuscript.
All authors approved the submitted version of the manuscript.

ACKNOWLEDGMENTS

All figures were created with BioRender.com. Regional Government
of Catalonia, Spain, Grant Number: 2021-SGR-00900; Catalan Institu-
tion for Research and Advanced Studies (ICREA); University of Girona,
Spain, Grant Number: POSTDOC_UdG2023/7

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflicts of interest regarding

this review article.

DATA AVAILABILITY STATEMENT

There are no new data associated with this article.

ORCID
Marc Yeste
Elisabeth Pinart

https://orcid.org/0000-0002-2209-340X
https://orcid.org/0000-0002-5488-4417

REFERENCES

1. Nowicka-Bauer K, Szymczak-Cendlak M. Structure and function of
ion channels regulating sperm motility—an overview. Int J Mol Sci.
2021;22(6):3259. doi:10.3390/ijms22063259

2. Delgado-Bermudez A, Yeste M, Bonet S, Pinart E. A review on the
role of bicarbonate and proton transporters during sperm capac-
itation in mammals. Int J Mol Sci. 2022;23(11):6333. doi:10.3390/
ijms23116333

3. ChenY, Wang H, Wang F, et al. Sperm motility modulated by Trpv1
regulates zebrafish fertilization. Theriogenology. 2020;151:41-51.
doi:10.1016/j.theriogenology.2020.03.032

4. Vyklicka L, Lishko PV. Dissecting the signaling pathways involved in
the function of sperm flagellum. Curr Opin Cell Biol. 2020;63:154-161.
doi:10.1016/j.ceb.2020.01.015

5. Castro-Arnau J, Chauvigné F, Cerda J. Role of ion channels in
the maintenance of sperm motility and swimming behavior in
a marine teleost. Int J Mol Sci. 2022;23(20):12113. doi:10.3390/
ijms232012113

6. WangY,Gao T, ShanL, et al. Iberiotoxin and clofilium regulate hyper-
activation, acrosome reaction, and ion homeostasis synergistically
during human sperm capacitation. Mol Reprod Dev. 2023;90(3):129-
140. doi:10.1002/mrd.23671

7. Allouche-Fitoussi D, Breitbart H. The role of zinc in male fertility. Int
J Mol Sci. 2020;21(20):7796. doi:10.3390/ijms21207796

8. Gao T, Li K, Liang F, et al. KCNQ1 potassium channel expressed
in human sperm is involved in sperm motility, acrosome reaction,
protein tyrosine phosphorylation, and ion homeostasis during capac-
itation. Front Physiol. 2021;12:e761910. doi:10.3389/fphys.2021.
761910

9. Lishko PV, Mannowetz N. CatSper: a unique calcium channel of the
sperm flagellum. Curr Opin Physiol. 2018;2:109-113. doi:10.1016/j.
cophys.2018.02.004

10. Touré A. Importance of SLC26 transmembrane anion exchangers in
sperm post-testicular maturation and fertilization potential. Front
Cell Dev Biol. 2019;7:€230. doi: 10.3389/fcell.2019.00230

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://orcid.org/0000-0002-2209-340X
https://orcid.org/0000-0002-2209-340X
https://orcid.org/0000-0002-5488-4417
https://orcid.org/0000-0002-5488-4417
https://doi.org/10.3390/ijms22063259
https://doi.org/10.3390/ijms23116333
https://doi.org/10.3390/ijms23116333
https://doi.org/10.1016/j.theriogenology.2020.03.032
https://doi.org/10.1016/j.ceb.2020.01.015
https://doi.org/10.3390/ijms232012113
https://doi.org/10.3390/ijms232012113
https://doi.org/10.1002/mrd.23671
https://doi.org/10.3390/ijms21207796
https://doi.org/10.3389/fphys.2021.761910
https://doi.org/10.3389/fphys.2021.761910
https://doi.org/10.1016/j.cophys.2018.02.004
https://doi.org/10.1016/j.cophys.2018.02.004
https://doi.org/10.3389/fcell.2019.00230

DELGADO-BERMUDEZ kT AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Dona G, Tibaldi E, Andrisani A, et al. Human sperm capacitation
involves the regulation of the tyr-phosphorylation level of the anion
exchanger 1 (AE1). Int J Mol Sci. 2020;21(11):4063. doi:10.3390/
ijms21114063

Rahban R, CatSper NefS. The complex main gate of calcium entry
in mammalian spermatozoa. Mol Cell Endocrinol. 2020;518:110951.
doi:10.1016/j.mce.2020.110951

Kaczmarek LK, Aldrich RW, Chandy KG, Grissmer S, Wei AD, Wulff
H. International union of basic and clinical pharmacology. C. Nomen-
clature and properties of calcium-activated and sodium-activated
potassium channels. Pharmacol Rev. 2017;69(1):1-11. doi:10.1124/
pr.116.012864

Gupta RK, Swain DK, Singh V, et al. Molecular characterization of
voltage-gated potassium channel (Kv) and its importance in func-
tional dynamics in bull spermatozoa. Theriogenology. 2018;114:229-
236. doi:10.1016/j.theriogenology.2018.03.030

Poli G, Hasan S, Belia S, et al. Kcnj16 (Kir5.1) gene ablation causes
subfertility and increases the prevalence of morphologically abnor-
mal spermatozoa. Int J Mol Sci. 2021;22(11):5972. doi:10.3390/
iims22115972

Cooray A, Kim JH, Chae MR, Lee S, Lee KP. Perspectives on poten-
tial fatty acid modulations of motility associated human sperm ion
channels. Int J Mol Sci. 2022;23(7):3718. doi:10.3390/ijms23073718
Navarro B, Kirichok Y, Clapham DE. KSper, a pH-sensitive Kt cur-
rent that controls sperm membrane potential. Proc Natl Acad Sci.
2007;104(18):7688-7692. doi:10.1073/pnas.0702018104

Brown SG, Publicover SJ, Mansell SA, et al. Depolarization of
sperm membrane potential is a common feature of men with
subfertility and is associated with low fertilization rate at
IVF. Hum Reprod. 2016;31(6):1147-1157. doi:10.1093/humrep/
dew056

Gonzélez C, Baez-Nieto D, Valencia |, et al. Kt channels: function-
structural overview. Compr Physiol. 2012;2(3):2087-2149. doi:10.
1002/cphy.c110047

Kuang Q, Purhonen P, Hebert H. Structure of potassium channels.
Cell Mol Life Sci. 2015;72(19):3677-3693. doi:10.1007/s00018-015-
1948-5

Richter-Laskowska M, Trybek P, Delfino DV, Wawrzkiewicz-
Jatowiecka A. Flavonoids as modulators of potassium channels. Int J
Mol Sci. 2023;24(2):€1311. doi:10.3390/ijms24021311

Torres YP, Morera FJ, Carvacho |, Latorre R. A marriage of conve-
nience: B-subunits and voltage-dependent K* channels. J Biol Chem.
2007;282(34):24485-24489. doi:10.1074/jbc.R700022200

Oura S, Koyano T, Kodera C, et al. KCTD19 and its associated protein
ZFP541 are independently essential for meiosis in male mice. PLOS
Genet. 2021;17(5):e1009412. doi:10.1371/journal.pgen.1009412
Finol-Urdaneta RK, Belovanovic A, Micic-Vicovac M, Kinsella
GK, McArthur JR, Al-Sabi A. Marine toxins targeting Kv1 chan-
nels: pharmacological tools and therapeutic scaffolds. Mar Drugs.
2020;18(3):173.doi:10.3390/md 18030173

Regnier G, Bocksteins E, Marei WF, et al. Targeted deletion of the
Kvé.4 subunit causes male sterility due to disturbed spermiogenesis.
Reprod Fertil Dev. 2017;29(8):1567.doi:10.1071/RD16075

Long SB, Campbell EB, MacKinnon R. Crystal structure of a
mammalian voltage-dependent shaker family K* channel. Science.
2005;309(5736):897-903. doi:10.1126/science. 1116269

Long SB, Tao X, Campbell EB, MacKinnon R. Atomic structure of a
voltage-dependent K+ channel in a lipid membrane-like environment.
Nature. 2007;450(7168):376-382.d0i:10.1038/nature06265
Borjesson Sl, Elinder F. Structure, function, and modifica-
tion of the voltage sensor in voltage-gated ion channels. Cell
Biochem  Biophys. 2008;52(3):149. doi:10.1007/s12013-008-
9032-5

Clayton GM, Altieri S, Heginbotham L, Unger VM, Morais-Cabral
JH. Structure of the transmembrane regions of a bacterial cyclic

ANDROLOGY

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

€0
WILEY--2

nucleotide-regulated channel. Proc Natl Acad Sci. 2008;105(5):1511-
1515.d0i:10.1073/pnas.0711533105

Chen X, Wang Q, Ni F, Ma J. Structure of the full-length Shaker potas-
sium channel Kv1.2 by normal-mode-based X-ray crystallographic
refinement. Proc Natl Acad Sci. 2010;107(25):11352-11357. doi:10.
1073/pnas.1000142107

XuY,Ramu, Lu Z. A shaker K* channel with a miniature engineered
voltage sensor. Cell. 2010;142(4):580-589. doi:10.1016/j.cell.2010.
07.013

Dixit G, Dabney-Smith C, Lorigan GA. The membrane protein KCNQ1
potassium ion channel: functional diversity and current structural
insights. Biochim Biophys Acta Biomembr. 2020;1862(5):183148.
doi:10.1016/j.bbamem.2019.183148

Sasaki M, Takagi M, Okamura Y. A voltage sensor-domain protein is
a voltage-gated proton channel. Science. 2006;312(5773):589-592.
doi:10.1126/science.1122352

Catterall WA. Signaling complexes of voltage-gated sodium and cal-
cium channels. Neurosci Lett. 2010;486(2):107-116. doi:10.1016/j.
neulet.2010.08.085

Swartz KJ. Sensing voltage across lipid membranes. Nature.
2008;456(7224):891-897.doi:10.1038/nature07620

Kurata HT, Fedida D. A structural interpretation of voltage-
gated potassium channel inactivation. Prog Biophys Mol Biol.
2006;92(2):185-208. doi:10.1016/j.pbiomolbio.2005.10.001

Sun X, Zaydman MA, Cui J. Regulation of voltage-activated K+t
channel gating by transmembrane B subunits. Front Pharmacol.
2012;3:e63.d0i:10.3389/fphar.2012.00063

Esposito L, Balasco N, Smaldone G, Berisio R, Ruggiero A, Vitagliano
L. Alphafold-predicted structures of KCTD proteins unravel previ-
ously undetected relationships among the members of the family.
Biomolecules. 2021;11(12):1862. doi:10.3390/biom11121862

Liu Z, Xiang Y, Sun G. The KCTD family of proteins: structure, func-
tion, disease relevance. Cell Biosci. 2013;3(1):45. doi:10.1186/2045-
3701-3-45

Choi E, Han C, Park |, et al. A novel germ cell-specific protein, SHIP1,
forms a complex with chromatin remodeling activity during sper-
matogenesis. J Biol Chem. 2008;283(50):35283-35294. doi:10.1074/
jbc.M805590200

Barfield JP, Yeung CH, Cooper TG. Characterization of potassium
channels involved in volume regulation of human spermatozoa. MHR
Basic Sci Reprod Med. 2005;11(12):891-897. doi:10.1093/molehr/
gah208

Felix R, Serrano CJ, Trevifio CL, et al. ldentification of distinct
K* channels in mouse spermatogenic cells and sperm. Zygote.
2002;10(2):183-188.d0i:10.1017/50967199402002241

Gong XD, Li JCH, Leung GPH, Cheung KH, Wong PYD. A BKCa to Kv
switch during spermatogenesis in the rat seminiferous tubules. Biol
Reprod. 2002;67(1):46-54.doi:10.1095/biolreprod67.1.46

De La, Vega-Beltran JL, Sdnchez-Cardenas C, Krapf D, et al. Mouse
sperm membrane potential hyperpolarization is necessary and suf-
ficient to prepare sperm for the acrosome reaction. J Biol Chem.
2012;287(53):44384-44393. doi:10.1074/jbc.M112.393488
Lopez-Gonzédlez |, Torres-Rodriguez P, Sanchez-Carranza
O, et al. Membrane hyperpolarization during human sperm
capacitation. MHR Basic Sci Reprod Med. 2014;20(7):619-629.
doi:10.1093/molehr/gau029

Nakajo K, Kubo Y. KCNQ1 channel modulation by KCNE proteins
via the voltage-sensing domain. J Physiol. 2015;593(12):2617-2625.
doi:10.1113/jphysiol.2014.287672

Wu X, Larsson HP. Insights into cardiac IKs (KCNQ1/KCNE1)
channels regulation. Int J Mol Sci. 2020;21(24):9440. doi:10.3390/
ijms21249440

Sun J, MacKinnon R. Cryo-EM structure of a KCNQ1/CaM com-
plex reveals insights into congenital long QT syndrome. Cell.
2017;169(6):1042-1050.9. doi:10.1016/j.cell.2017.05.019

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://doi.org/10.3390/ijms21114063
https://doi.org/10.3390/ijms21114063
https://doi.org/10.1016/j.mce.2020.110951
https://doi.org/10.1124/pr.116.012864
https://doi.org/10.1124/pr.116.012864
https://doi.org/10.1016/j.theriogenology.2018.03.030
https://doi.org/10.3390/ijms22115972
https://doi.org/10.3390/ijms22115972
https://doi.org/10.3390/ijms23073718
https://doi.org/10.1073/pnas.0702018104
https://doi.org/10.1093/humrep/dew056
https://doi.org/10.1093/humrep/dew056
https://doi.org/10.1002/cphy.c110047
https://doi.org/10.1002/cphy.c110047
https://doi.org/10.1007/s00018-015-1948-5
https://doi.org/10.1007/s00018-015-1948-5
https://doi.org/10.3390/ijms24021311
https://doi.org/10.1074/jbc.R700022200
https://doi.org/10.1371/journal.pgen.1009412
https://doi.org/10.3390/md18030173
https://doi.org/10.1071/RD16075
https://doi.org/10.1126/science.1116269
https://doi.org/10.1038/nature06265
https://doi.org/10.1007/s12013-008-9032-5
https://doi.org/10.1007/s12013-008-9032-5
https://doi.org/10.1073/pnas.0711533105
https://doi.org/10.1073/pnas.1000142107
https://doi.org/10.1073/pnas.1000142107
https://doi.org/10.1016/j.cell.2010.07.013
https://doi.org/10.1016/j.cell.2010.07.013
https://doi.org/10.1016/j.bbamem.2019.183148
https://doi.org/10.1126/science.1122352
https://doi.org/10.1016/j.neulet.2010.08.085
https://doi.org/10.1016/j.neulet.2010.08.085
https://doi.org/10.1038/nature07620
https://doi.org/10.1016/j.pbiomolbio.2005.10.001
https://doi.org/10.3389/fphar.2012.00063
https://doi.org/10.3390/biom11121862
https://doi.org/10.1186/2045-3701-3-45
https://doi.org/10.1186/2045-3701-3-45
https://doi.org/10.1074/jbc.M805590200
https://doi.org/10.1074/jbc.M805590200
https://doi.org/10.1093/molehr/gah208
https://doi.org/10.1093/molehr/gah208
https://doi.org/10.1017/S0967199402002241
https://doi.org/10.1095/biolreprod67.1.46
https://doi.org/10.1074/jbc.M112.393488
https://doi.org/10.1093/molehr/gau029
https://doi.org/10.1113/jphysiol.2014.287672
https://doi.org/10.3390/ijms21249440
https://doi.org/10.3390/ijms21249440
https://doi.org/10.1016/j.cell.2017.05.019

* | WILEY

49.
50.

51
52.
583.

54.
55.

56.

57.
58.
59.

60.

61.

62.

63.
64.
65.
66.

67.

ANDROLOG

NDROLOGY

Sun J, MacKinnon R. Structural basis of human KCNQ1 modula-
tion and gating. Cell. 2020;180(2):340-347. doi:10.1016/j.cell.2019.
12.003

Puga Molina LC, Luque GM, Balestrini PA, Marin-Briggiler CI,
Romarowski A, Buffone MG. Molecular basis of human sperm capaci-
tation. Front Cell Dev Biol. 2018;6:e72. doi:10.3389/fcell.2018.00072
Jacob A, Hurley |, Goodwin L, Cooper G, Benoff S. Molecular char-
acterization of a voltage-gated potassium channel expressed in rat
testis. Mol Hum Reprod. 2000;6(4):303-313. doi:10.1093/molehr/6.4.
303

Tsevi |, Vicente R, Grande M, et al. KCNQ1/KCNE1 channels dur-
ing germ-cell differentiation in the rat: expression associated with
testis pathologies. J Cell Physiol. 2005;202(2):400-410. doi:10.1002/
jcp.20132

Vicente R, Escalada A, Coma M, et al. Differential voltage-
dependent K* channel responses during proliferation and
activation in macrophages. J Biol Chem. 2003;278(47):46307-46320.
doi:10.1074/jbc.M304388200

Song B, Chen Y, Wang C, et al. Poor semen parameters are associated
with abnormal methylation of imprinted genes in sperm DNA. Reprod
Biol Endocrinol. 2022;20(1):155.d0i:10.1186/s12958-022-01028-8
Glaaser IW, Slesinger PA. Structural insights into GIRK channel func-
tion. Int Rev Neurobiol. 2015;123:117-160. doi:10.1016/bs.irn.2015.
05.014

Hibino H, Inanobe A, Furutani K, Murakami S, Findlay |, Kurachi Y.
Inwardly rectifying potassium channels: their structure, function, and
physiological roles. Physiol Rev. 2010;90(1):291-366. doi:10.1152/
physrev.00021.2009

Nichols CG, Lee S-J. Polyamines and potassium channels: a 25-year
romance. J Biol Chem. 2018;293(48):18779-18788. doi:10.1074/jbc.
TM118.003344

Ohno Y, Kinboshi M, Shimizu S. Inwardly rectifying potassium chan-
nel Kir4.1 as a novel modulator of BDNF expression in astrocytes. Int
J Mol Sci. 2018;19(11):3313. doi:10.3390/ijms 19113313

Pegan S, Arrabit C, Zhou W, et al. Cytoplasmic domain structures of
Kir2.1 and Kir3.1 show sites for modulating gating and rectification.
Nat Neurosci. 2005;8(3):279-287.doi:10.1038/nn1411

Tao X, Avalos JL, Chen J, MacKinnon R. Crystal structure of the
eukaryotic strong inward-rectifier K* channel Kir2.2 at 3.1 A res-
olution. Scienc. 2009;326(5960):1668-1674. doi:10.1126/science.
1180310

Xu Y, Shin H-G, Szép S, Lu Z. Physical determinants of strong
voltage sensitivity of K* channel block. Nat Struct Mol Biol.
2009;16(12):1252-1258.d0i:10.1038/nsmb.1717

Xie L-H, John SA, Ribalet B, Weiss JN. Activation of inwardly
rectifying potassium (Kir) channels by phosphatidylinosital-4,5-
bisphosphate (PIP2): interaction with other regulatory ligands. Prog
Biophys Mol Biol. 2007;94(3):320-335. doi:10.1016/j.pbiomolbio.
2006.04.001

Hansen SB, Tao X, MacKinnon R. Structural basis of PIP2 acti-
vation of the classical inward rectifier K* channel Kir2.2. Nature.
2011;477(7365):495-498. doi:10.1038/nature 10370

Suh B-C, Hille B. PIP, is a necessary cofactor for ion channel function:
how and why? Annu Rev Biophys. 2008;37(1):175-195. doi:10.1146/
annurev.biophys.37.032807.125859

Zhao C, MacKinnon R. Molecular structure of an open human Karp
channel. Proc Natl Acad Sci. 2021;118(48):2112267118.d0i:10.1073/
pnas.2112267118

Flagg TP, Enkvetchakul D, Koster JC, Nichols CG. Muscle Karp chan-
nels: recent insights to energy sensing and myoprotection. Physiol
Rev. 2010;90(3):799-829. doi: 10.1152/physrev.00027.2009

Remedi MS, Nichols CG. Karp channels in the pancreas: Hyperin-
sulinism and Diabetes. In: lon Channels in Health and Disease. Elsevier;
2016:199-221.doi:10.1016/B978-0-12-802002-9.00008-X

DELGADO-BERMUDEZ kT AL.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Acevedo JJ, Mendoza-Lujambio |, de la Vega-Beltran JL, Trevifio CL,
Felix R, Darszon A. KATP channels in mouse spermatogenic cells and
sperm, and their role in capacitation. Dev Biol. 2006;289(2):395-405.
doi:10.1016/j.ydbio.2005.11.002

Mufoz-Garay C, De la Vega-Beltran JL, Delgado R, Labarca P, Felix
R, Darszon A. Inwardly rectifying K* channels in spermatogenic cells:
functional expression and implication in sperm capacitation. Dev Biol.
2001;234(1):261-274. doi:10.1006/dbio.2001.0196

Yi Y-J, Sung DY, Millette C, et al. Sperm GIRK2-containing K*
inward rectifying channels participate in sperm capacitation and fer-
tilization. Syst Biol Reprod Med. 2011;57(6):296-308. doi:10.3109/
19396368.2011.631685

MurataY, Iwasaki H, Sasaki M, Inaba K, Okamura Y. Phosphoinositide
phosphatase activity coupled to an intrinsic voltage sensor. Nature.
2005;435(7046):1239-1243.d0i:10.1038/nature03650

Tucker SJ, Imbrici P, Salvatore L, D’Adamo MC, Pessia M. pH depen-
dence of the inwardly rectifying potassium channel, Kir5.1, and local-
ization in renal tubular epithelia. J Biol Chem. 2000;275(22):16404-
16407.doi:10.1074/jbc.C000127200

Pessia M, Imbrici P, D’Adamo MC, Salvatore L, Tucker SJ. Differ-
ential pH sensitivity of Kir4.1 and Kir4.2 potassium channels and
their modulation by heteropolymerisation with Kir5.1. J Physiol.
2001;532(2):359-367.d0i:10.1111/j.1469-7793.2001.0359f.x
Salvatore L, D’Adamo MC, Polishchuk R, Salmona M, Pessia M. Local-
ization and age-dependent expression of the inward rectifier K*
channel subunit Kir5.1 in a mammalian reproductive system. FEBS
Lett. 1999;449(2-3):146-152. doi:10.1016/50014-5793(99)00420-
2

Lishko PV, Kirichok Y, Ren D, Navarro B, Chung J-J, Clapham
DE. The control of male fertility by spermatozoan ion chan-
nels. Annu Rev Physiol. 2012;74(1):453-475. doi:10.1146/annurev-
physiol-020911-153258

Lybaert P, Vanbellinghen AM, Quertinmont E, Petein M, Meuris
S, Lebrun P. Karp channel subunits are expressed in the epi-
didymal epithelium in several mammalian species. Biol Reprod.
2008;79(2):253-261. doi:10.1095/biolreprod.107.064659

Zhou M, He H-J, Tanaka O, Sekiguchi M, Kawahara K, Abe H. Dif-
ferent localization of ATP sensitive K* channel subunits in rat testis.
Anat Rec. 2011;294(4):729-737.doi:10.1002/ar.21348

Von Ledebur EICF, Almeida JP, Loss ES, Wassermann GF. Rapid effect
of testosterone on rat Sertoli cell membrane potential. Relationship
with K*ATP channels. Horm Metab Res. 2002;34(10):550-555. doi: 10.
1055/s-2002-35426

Loss ES, Jacobus AP, Wassermann GF. Rapid signaling responses in
Sertoli cell membranes induced by follicle stimulating hormone and
testosterone: calcium inflow and electrophysiological changes. Life
Sci. 2011;89(15-16):577-583.d0i:10.1016/j.I1fs.2011.05.017
Piechotta PL, Rapedius M, Stansfeld PJ, et al. The pore structure
and gating mechanism of K2P channels. EMBO J. 2011;30(17):3607-
3619.d0i:10.1038/emboj.2011.268

Lolicato M, Riegelhaupt PM, Arrigoni C, Clark KA, Minor DL. Trans-
membrane helix straightening and buckling underlies activation
of mechanosensitive and thermosensitive K2P channels. Neuron.
2014;84(6):1198-1212.d0i:10.1016/j.neuron.2014.11.017
Buckingham SD, Kidd JF, Law RJ, Franks CJ, Sattelle DB. Structure
and function of two-pore-domain K channels: contributions from
genetic model organisms. Trends Pharmacol Sci. 2005;26(7):361-367.
doi:10.1016/j.tips.2005.05.003

Miller AN, Long SB. Crystal structure of the human two-pore domain
potassium channel K2P1. Science. 2012;335(6067):432-436. doi:10.
1126/science.1213274

Brohawn SG, Campbell EB, MacKinnon R. Physical mechanism for
gating and mechanosensitivity of the human TRAAK K* channel.
Nature. 2014;516(7529):126-130. doi:10.1038/nature 14013

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://doi.org/10.1016/j.cell.2019.12.003
https://doi.org/10.1016/j.cell.2019.12.003
https://doi.org/10.3389/fcell.2018.00072
https://doi.org/10.1093/molehr/6.4.303
https://doi.org/10.1093/molehr/6.4.303
https://doi.org/10.1002/jcp.20132
https://doi.org/10.1002/jcp.20132
https://doi.org/10.1074/jbc.M304388200
https://doi.org/10.1186/s12958-022-01028-8
https://doi.org/10.1016/bs.irn.2015.05.014
https://doi.org/10.1016/bs.irn.2015.05.014
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1074/jbc.TM118.003344
https://doi.org/10.1074/jbc.TM118.003344
https://doi.org/10.3390/ijms19113313
https://doi.org/10.1038/nn1411
https://doi.org/10.1126/science.1180310
https://doi.org/10.1126/science.1180310
https://doi.org/10.1038/nsmb.1717
https://doi.org/10.1016/j.pbiomolbio.2006.04.001
https://doi.org/10.1016/j.pbiomolbio.2006.04.001
https://doi.org/10.1038/nature10370
https://doi.org/10.1146/annurev.biophys.37.032807.125859
https://doi.org/10.1146/annurev.biophys.37.032807.125859
https://doi.org/10.1073/pnas.2112267118
https://doi.org/10.1073/pnas.2112267118
https://doi.org/10.1152/physrev.00027.2009
https://doi.org/10.1016/B978-0-12-802002-9.00008-X
https://doi.org/10.1016/j.ydbio.2005.11.002
https://doi.org/10.1006/dbio.2001.0196
https://doi.org/10.3109/19396368.2011.631685
https://doi.org/10.3109/19396368.2011.631685
https://doi.org/10.1038/nature03650
https://doi.org/10.1074/jbc.C000127200
https://doi.org/10.1111/j.1469-7793.2001.0359f.x
https://doi.org/10.1016/S0014-5793(99)00420-2
https://doi.org/10.1016/S0014-5793(99)00420-2
https://doi.org/10.1146/annurev-physiol-020911-153258
https://doi.org/10.1146/annurev-physiol-020911-153258
https://doi.org/10.1095/biolreprod.107.064659
https://doi.org/10.1002/ar.21348
https://doi.org/10.1055/s-2002-35426
https://doi.org/10.1055/s-2002-35426
https://doi.org/10.1016/j.lfs.2011.05.017
https://doi.org/10.1038/emboj.2011.268
https://doi.org/10.1016/j.neuron.2014.11.017
https://doi.org/10.1016/j.tips.2005.05.003
https://doi.org/10.1126/science.1213274
https://doi.org/10.1126/science.1213274
https://doi.org/10.1038/nature14013

DELGADO-BERMUDEZ kT AL.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Wiedmann F, Frey N, Schmidt C. Two-pore-domain potassium
(Kyp-) channels: cardiac expression patterns and disease-
specific  remodelling  processes. Cells. 2021;10(11):2914.
doi:10.3390/cells10112914

Schultz N, Hamra FK, Garbers DL. A multitude of genes expressed
solely in meiotic or postmeiotic spermatogenic cells offers a myriad
of contraceptive targets. Proc Natl Acad Sci. 2003;100(21):12201-
12206.d0i:10.1073/pnas.1635054100

Shima JE, McLean DJ, McCarrey JR, Griswold MD. The murine testic-
ular transcriptome: characterizing gene expression in the testis dur-
ing the progression of spermatogenesis. Biol Reprod. 2004;71(1):319-
330.doi:10.1095/biolreprod.103.026880

Cooper TG, Yeung C. Acquisition of volume regulatory response of
sperm upon maturation in the epididymis and the role of the cytoplas-
mic droplet. Microsc Res Tech. 2003;61(1):28-38. doi:10.1002/jemt.
10314

Vicens A, Vinuesa P, Arenas M, Trevifio CL. Analyzing the functional
divergence of Slo1 and Slo3 channel subfamilies. Mol Phylogenet Evol.
2019;133:33-41.doi:10.1016/j.ympev.2018.12.026

Slac Kaczmarek. Slick, and sodium-activated potassium channels.
ISRN Neurosci. 2013;2013:354262.doi:10.1155/2013/354262

Yang C, Zeng X-H, Zhou Y, Xia X-M, Lingle CJ. LRRC52 (leucine-
rich-repeat-containing protein 52), a testis-specific auxiliary sub-
unit of the alkalization-activated Slo3 channel. Proc Natl Acad Sci.
2011;108(48):19419-19424.d0i:10.1073/pnas.1111104108
Leonetti MD, Yuan P, Hsiung Y, MacKinnon R. Functional and struc-
tural analysis of the human SLO3 pH- and voltage-gated K* channel.
Proc Natl Acad Sci. 2012;109(47):19274-19279. doi:10.1073/pnas.
1215078109

Beeton C. KCal.1 channels as therapeutic targets for rheumatoid
arthritis. Expert Opin Ther Targets. 2017;21(12):1077-1081. doi:10.
1080/14728222.2017.1398234

Bhattacharjee A, Joiner WJ, Wu M, Yang Y, Sigworth FJ, Kaczmarek
LK. Slick (Slo2.1), a rapidly-gating sodium-activated potassium chan-
nel inhibited by ATP. J Neurosci. 2003;23(37):11681-11691. doi:10.
1523/JNEUROSCI.23-37-11681.2003

Salkoff L, Butler A, Ferreira G, Santi C, Wei A. High-conductance
potassium channels of the SLO family. Nat Rev Neurosci.
2006;7(12):921-931.d0i:10.1038/nrn1992

Yuan A, Santi CM, Wei A, et al. The sodium-activated potassium
channel is encoded by a member of the Slo gene family. Neuron.
2003;37(5):765-773.d0i:10.1016/50896-6273(03)00096-5
Albright RA, Ibar J-LV, Kim CU, Gruner SM, Morais-Cabral JH. The
RCK domain of the KtrAB K* transporter: multiple conformations of
an octameric ring. Cell. 2006;126(6):1147-1159. doi:10.1016/j.cell.
2006.08.028

Berkefeld H, Sailer CA, Bildl W, et al. BK¢,-Cav channel complexes
mediate rapid and localized CaZt-activated K* signaling. Science.
2006;314(5799):615-620. doi:10.1126/science.1132915

Wang L, Sigworth FJ. Structure of the BK potassium chan-
nel in a lipid membrane from electron cryomicroscopy. Nature.
2009;461(7261):292-295. doi:10.1038/nature08291

Bean BP. The action potential in mammalian central neurons. Nat Rev
Neurosci. 2007;8(6):451-465. doi:10.1038/nrn2148

Zhou Y, Yang H, Cui J, Lingle CJ. Threading the biophysics
of mammalian Slol channels onto structures of an invertebrate
Slo1 channel. J Gen Physiol. 2017;149(11):985-1007. doi:10.1085/
jgp.201711845

Vicens A, Andrade-Lopez K, Cortez D, Gutiérrez RM, Trevifio CL. Pre-
mammalian origin of the sperm-specific Slo3 channel. FEBS Open Bio.
2017;7(3):382-390.d0i:10.1002/2211-5463.12186

Contreras GF, Castillo K, Enrique N, et al. ABK (Slo1) channel journey
from molecule to physiology. Channels. 2013;7(6):442-458. doi:10.
4161/chan.26242

ANDROLOGY

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

€0
WILEY--Z

Gonzalez-Perez V, Zhou Y, Ciorba MA, Lingle CJ. The LRRC family of
BK channel regulatory subunits: potential roles in health and disease.
J Physiol. 2022;600(6):1357-1371.d0i:10.1113/JP281952

Zeng X-H, Yang C, Kim ST, Lingle CJ, Xia X-M. Deletion of the Slo3
gene abolishes alkalization-activated K* current in mouse spermato-
zoa. Proc Natl Acad Sci. 2011;108(14):5879-5884. d0i:10.1073/pnas.
1100240108

Brenker C, Zhou Y, Miiller A, et al. The Ca?*-activated K* current of
human spermis mediated by Slo3. Elife. 2014;3:e01438. doi:10.7554/
eLife.01438

Wang G, Zhong Z, Du X, et al. Cloning and characterization of the
rat Slo3 (Kc,5.1) channel: from biophysics to pharmacology. Br J
Pharmacol. 2020;177(15):3552-3567.d0i:10.1111/bph.15078

Liu R, Yan Z, Fan Y, et al. Bi-allelic variants in KCNU1 cause
impaired acrosome reactions and male infertility. Hum Reprod.
2022;37(7):1394-1405. doi:10.1093/humrep/deac102

Santi CM, Butler A, Kuhn J, Wei A, Salkoff L. Bovine and mouse SLO3
K* channels. J Biol Chem. 2009;284(32):21589-21598. doi: 10.1074/
jbc.M109.015040

Geng Y, Ferreira JJ, Dzikunu V, et al. A genetic variant of the sperm-
specific SLO3 K* channel has altered pH and Ca?* sensitivities. J Biol
Chem. 2017;292(21):8978-8987.d0i:10.1074/jbc.M117.776013
Zhang X, Zeng X, Xia X-M, Lingle CJ. pH-regulated Slo3 K* channels:
properties of unitary currents. J Gen Physiol. 2006;128(3):301-315.
doi:10.1085/jgp.200609551

Sanchez-Carranza O, Torres-Rodriguez P, Darszon A, Trevifio CL,
Lopez-Gonzalez |. Pharmacology of hSlo3 channels and their con-
tribution in the capacitation-associated hyperpolarization of human
sperm. Biochem Biophys Res Commun. 2015;466(3):554-559. doi:10.
1016/j.bbrc.2015.09.073

Semenova NP, Abarca-Heidemann K, Loranc E, Rothberg BS. Bimane
fluorescence scanning suggests secondary structure near the S3-
S4 linker of BK channels. J Biol Chem. 2009;284(16):10684-10693.
doi:10.1074/jbc.M808891200

Ma Z, Lou XJ, Horrigan FT. Role of charged residues in the S1-S4
voltage sensor of BK channels. J Gen Physiol. 2006;127(3):309-328.
doi:10.1085/jgp.200509421

Wu Y, Yang Y, Ye S, Jiang Y. Structure of the gating ring from
the human large-conductance Ca?*-gated K* channel. Nature.
2010;466(7304):393-397. doi:10.1038/nature09252

Yuan P, Leonetti MD, Pico AR, Hsiung Y, MacKinnon R. Structure of
the human BK channel Ca2*-activation apparatus at 3.0 A resolution.
Science. 2010;329(5988):182-186. doi:10.1126/science.1190414
Yuan P, Leonetti MD, Hsiung Y, MacKinnon R. Open structure of the
Ca?* gating ring in the high-conductance Ca2*-activated K* channel.
Nature. 2012;481(7379):94-97.doi:10.1038/nature10670
Gonzalez-Perez V, Lingle CJ. Regulation of BK channels by beta
and gamma subunits. Annu Rev Physiol. 2019;81(1):113-137. doi:10.
1146/annurev-physiol-022516-034038

Tao X, MacKinnon R. Molecular structures of the human Slo1 K*
channel in complex with 4. Elife. 2019;8:e51409. doi:10.7554/eLife.
51409

Zhang J, Yan J. Regulation of BK channels by auxiliary 13 subunits.
Front Physiol. 2014;5:e401. doi:10.3389/fphys.2014.00401

Dudem S, Large RJ, Kulkarni S, et al. LINGO1 is a regulatory subunit
of large conductance, Ca?*-activated potassium channels. Proc Natl
Acad Sci. 2020;117(4):2194-2200. doi:10.1073/pnas. 1916715117
Carrasquel-Ursulaez W, Alvarez O, Bezanilla F, Latorre R. Deter-
mination of the stoichiometry between a- and y1 subunits of the
BK channel using LRET. Biophys J. 2018;114(11):2493-2497. doi:10.
1016/j.bpj.2018.04.008

Mannowetz N, Naidoo NM, Choo S-AS, Smith JF, Lishko PV. Slo1
is the principal potassium channel of human spermatozoa. Elife.
2013;2:e01009. doi:10.7554/eLife.01009

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://doi.org/10.3390/cells10112914
https://doi.org/10.1073/pnas.1635054100
https://doi.org/10.1095/biolreprod.103.026880
https://doi.org/10.1002/jemt.10314
https://doi.org/10.1002/jemt.10314
https://doi.org/10.1016/j.ympev.2018.12.026
https://doi.org/10.1155/2013/354262
https://doi.org/10.1073/pnas.1111104108
https://doi.org/10.1073/pnas.1215078109
https://doi.org/10.1073/pnas.1215078109
https://doi.org/10.1080/14728222.2017.1398234
https://doi.org/10.1080/14728222.2017.1398234
https://doi.org/10.1523/JNEUROSCI.23-37-11681.2003
https://doi.org/10.1523/JNEUROSCI.23-37-11681.2003
https://doi.org/10.1038/nrn1992
https://doi.org/10.1016/S0896-6273(03)00096-5
https://doi.org/10.1016/j.cell.2006.08.028
https://doi.org/10.1016/j.cell.2006.08.028
https://doi.org/10.1126/science.1132915
https://doi.org/10.1038/nature08291
https://doi.org/10.1038/nrn2148
https://doi.org/10.1085/jgp.201711845
https://doi.org/10.1085/jgp.201711845
https://doi.org/10.1002/2211-5463.12186
https://doi.org/10.4161/chan.26242
https://doi.org/10.4161/chan.26242
https://doi.org/10.1113/JP281952
https://doi.org/10.1073/pnas.1100240108
https://doi.org/10.1073/pnas.1100240108
https://doi.org/10.7554/eLife.01438
https://doi.org/10.7554/eLife.01438
https://doi.org/10.1111/bph.15078
https://doi.org/10.1093/humrep/deac102
https://doi.org/10.1074/jbc.M109.015040
https://doi.org/10.1074/jbc.M109.015040
https://doi.org/10.1074/jbc.M117.776013
https://doi.org/10.1085/jgp.200609551
https://doi.org/10.1016/j.bbrc.2015.09.073
https://doi.org/10.1016/j.bbrc.2015.09.073
https://doi.org/10.1074/jbc.M808891200
https://doi.org/10.1085/jgp.200509421
https://doi.org/10.1038/nature09252
https://doi.org/10.1126/science.1190414
https://doi.org/10.1038/nature10670
https://doi.org/10.1146/annurev-physiol-022516-034038
https://doi.org/10.1146/annurev-physiol-022516-034038
https://doi.org/10.7554/eLife.51409
https://doi.org/10.7554/eLife.51409
https://doi.org/10.3389/fphys.2014.00401
https://doi.org/10.1073/pnas.1916715117
https://doi.org/10.1016/j.bpj.2018.04.008
https://doi.org/10.1016/j.bpj.2018.04.008
https://doi.org/10.7554/eLife.01009

® | WILEY

124.
125.
126.
127.
128.

129.

130.
131

132.

133.
134.
135.

136.

137.
138.

139.

140.

ANDROLOG

NDROLOGY

Mansell SA, Publicover SJ, Barratt CLR, Wilson SM. Patch clamp stud-
ies of human sperm under physiological ionic conditions reveal three
functionally and pharmacologically distinct cation channels. Mol Hum
Reprod. 2014;20(5):392-408. doi:10.1093/molehr/gau003

Yeste M, Llavanera M, Pérez G, et al. Elucidating the role of K*
channels during in vitro capacitation of boar spermatozoa: do SLO1
channels play a crucial role? Int J Mol Sci. 2019;20(24):6330. doi:10.
3390/ijms20246330

Santi CM, Martinez-Lopez P, de la Vega-Beltran JL, et al. The SLO3
sperm-specific potassium channel plays a vital role in male fertil-
ity. FEBS Lett. 2010;584(5):1041-1046. doi:10.1016/j.febslet.2010.
02.005

Noto F, Recuero S, Valencia J, et al. Inhibition of potassium channels
affects the ability of pig spermatozoa to elicit capacitation and trig-
ger the acrosome exocytosis induced by progesterone. Int J Mol Sci.
2021;22(4):1992.d0i:10.3390/ijms22041992

Matzkin ME, Lauf S, Spinnler K, et al. The Ca?*-activated, large con-
ductance K+-channel (BKCa) is a player in the LH/hCG signaling
cascade in testicular Leydig cells. Mol Cell Endocrinol. 2013;367(1-
2):41-49.d0i:10.1016/j.mce.2012.12.015

Halling DB, Philpo AE, Aldrich RW. Calcium dependence of both lobes
of calmodulin is involved in binding to a cytoplasmic domain of SK
channels. Elife. 2022;11:e81303. doi: 10.7554/eLife.81303

Bildl W, Strassmaier T, Thurm H, et al. Protein kinase CK2 is
coassembled with small conductance Ca?*-activated K* channels
and regulates channel gating. Neuron. 2004;43(6):847-858. doi:10.
1016/j.neuron.2004.08.033

Allen D, Fakler B, Maylie J, Adelman JP. Organization and regulation
of small conductance Ca?*-activated K* channel multiprotein com-
plexes. J Neurosci. 2007;27(9):2369-2376.doi:10.1523/JNEUROSCI.
3565-06.2007

Chavez JC, Vicens A, Wrighton DC, et al. A cytoplasmic Slo3 isoform
is expressed in somatic tissues. Mol Biol Rep. 2019;46(5):5561-5567.
doi:10.1007/s11033-019-04943-z

Lyon M, Li P, Ferreira JJ, et al. A selective inhibitor of the sperm-
specific potassium channel SLO3 impairs human sperm function.
Proc Natl Acad Sci. 2023;120(4):e2212338120. doi:10.1073/pnas.
2212338120

Lv M, Liu C,MaC, et al. Homozygous mutation in SLO3 leads to severe
asthenoteratozoospermia due to acrosome hypoplasia and mito-
chondrial sheath malformations. Reprod Biol Endocrinol. 2022;20(1):5.
doi:10.1186/s12958-021-00880-4

Kawai T, Miyata H, Nakanishi H, et al. Polarized PtdIns(4,5)P ,
distribution mediated by a voltage-sensing phosphatase (VSP) regu-
lates sperm motility. Proc Natl Acad Sci. 2019;116(51):26020-26028.
doi:10.1073/pnas. 1916867116

Carkci S, Etem EO, Ozaydin S, et al. lon channel gene expres-
sions in infertile men: a case-control study. Int J Reprod Biomed.
2017;15(12):749-756.

Zeng X-H, Yang C, Xia X-M, Liu M, Lingle CJ. SLO3 auxiliary subunit
LRRC52 controls gating of sperm KSPER currents and is critical for
normal fertility. Proc Natl Acad Sci. 2015;112(8):2599-2604. doi:10.
1073/pnas.1423869112

Chéavez JC, de la Vega-Beltran JL, Escoffier J, et al. lon per-
meabilities in mouse sperm reveal an external trigger for SLO3-
dependent hyperpolarization. PLoS One. 2013;8(4):e60578. doi:10.
1371/journal.pone.0060578

Chéavez JC, Ferreira JJ, Butler A, et al. SLO3 K* channels control
calcium entry through CATSPER channels in sperm. J Biol Chem.
2014;289(46):32266-32275.d0i:10.1074/jbc.M114.607556

de Prelle B, Lybaert P, Gall D. A minimal model shows that a positive
feedback loop between sNHE and SLO3 can control mouse sperm
capacitation. Front Cell Dev Biol. 2022;10:e835594. doi:10.3389/fcell.
2022.835594

DELGADO-BERMUDEZ kT AL.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

Waldegger S. Heartburn: cardiac potassium channels involved in pari-
etal cell acid secretion. Pfliigers Arch—Eur J Physiol. 2003;446(2):143-
147.doi:10.1007/s00424-003-1048-5

Lishko PV, Botchkina IL, Fedorenko A, Kirichok Y. Acid extrusion from
human spermatozoa is mediated by flagellar voltage-gated proton
channel. Cell. 2010;140(3):327-337. doi:10.1016/j.cell.2009.12.053
Yan Y, Yang Y, Bian S, Sigworth FJ. Expression, purification and
functional reconstitution of Slack sodium-activated potassium chan-
nels. J Membr Biol. 2012;245(11):667-674. doi:10.1007/s00232-
012-9425-7

Hite RK, Yuan P, Li Z, Hsuing Y, Walz T, MacKinnon R. Cryo-electron
microscopy structure of the Slo2.2 Na*-activated K* channel. Nature.
2015;527(7577):198-203. doi: 10.1038/nature 14958

Tejada M de los A, Jensen LJ, Klaerke DA. PIP2 modulation
of Slick and Slack K* channels. Biochem Biophys Res Commun.
2012;424(2):208-213.doi:10.1016/j.bbrc.2012.06.038

Tamsett TJ, Picchione KE, Bhattacharjee A.NAD* activates Ky, chan-
nels in dorsal root ganglion neurons. J Neurosci. 2009;29(16):5127-
5134.d0i:10.1523/JNEUROSCI.0859-09.2009

Zhang Z, Rosenhouse-Dantsker A, Tang Q-Y, Noskov S, Logothetis
DE. The RCK2 domain uses a coordination site present in Kir chan-
nels to confer sodium sensitivity to Slo2.2 channels. J Neurosci.
2010;30(22):7554-7562.doi:10.1523/JNEUROSCI.0525-10.2010
Barcia G, Fleming MR, Deligniere A, et al. De novo gain-of-function
KCNT1 channel mutations cause malignant migrating partial seizures
of infancy. Nat Genet. 2012;44(11):1255-1259.doi:10.1038/ng.2441
Brown MR, Kronengold J, Gazula V-R, et al. Fragile X mental retar-
dation protein controls gating of the sodium-activated potassium
channel Slack. Nat Neurosci. 2010;13(7):819-821. doi:10.1038/nn.
2563

ZhangY, Brown MR, Hyland C, et al. Regulation of neuronal excitabil-
ity by interaction of fragile X mental retardation protein with Slack
potassium channels. J Neurosci. 2012;32(44):15318-15327. doi:10.
1523/JNEUROSCI.2162-12.2012

Ferron L. Fragile X mental retardation protein controls ion channel
expression and activity. J Physiol. 2016;594(20):5861-5867. doi:10.
1113/JP270675

Paulais M, Lachheb S, Teulon J. A Na*- and Cl~-activated K* chan-
nel in the thick ascending limb of mouse kidney. J Gen Physiol.
2006;127(2):205-215. doi: 10.1085/jgp.200509360

Nuwer MO, Picchione KE, Bhattacharjee A. PKA-induced internal-
ization of Slack Ky, channels produces dorsal root ganglion neu-
ron hyperexcitability. J Neurosci. 2010;30(42):14165-14172. doi:10.
1523/JNEUROSCI.3150-10.2010

Rizzi S, Knaus H, Schwarzer C. Differential distribution of the sodium-
activated potassium channels slick and Slack in mouse brain. J Comp
Neurol. 2016;524(10):2093-2116.doi:10.1002/cne.23934

Tejada MA, Stople K, Hammami Bomholtz S, Meinild A-K, Poulsen AN,
Klaerke DA. Cell volume changes regulate Slick (Slo2.1), but not Slack
(Slo2.2) K* channels. PLoS One. 2014;9(10):e110833. doi:10.1371/
journal.pone.0110833

Bhattacharjee A, von Hehn CAA, Mei X, Kaczmarek LK. Localiza-
tion of the Na*-activated K+ channel Slick in the rat central nervous
system. J Comp Neurol. 2005;484(1):80-92. doi:10.1002/cne.20462

How to cite this article: Delgado-Bermudez A, Yeste M, Bonet

S, Pinart E. Physiological role of potassium channels in

mammalian germ cell differentiation, maturation, and
capacitation. Andrology. 2024;1-18.
https://doi.org/10.1111/andr.13606

85U8017 SUOWILLOD 3ATE810 3(dedl|dde ay) Aq peusenob a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB]IA\ UO (SUOIPUOD-PUR-SLLIBILID" A 1M ARIq 1 BU1 UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7Z02/20/70] Uo ArigiTauliuo A8IM ‘(-uleAnde ) aqnopesy Aq 909€T IPUe/TTTT OT/I0P/W00" A3 1M Ae.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://doi.org/10.1093/molehr/gau003
https://doi.org/10.3390/ijms20246330
https://doi.org/10.3390/ijms20246330
https://doi.org/10.1016/j.febslet.2010.02.005
https://doi.org/10.1016/j.febslet.2010.02.005
https://doi.org/10.3390/ijms22041992
https://doi.org/10.1016/j.mce.2012.12.015
https://doi.org/10.7554/eLife.81303
https://doi.org/10.1016/j.neuron.2004.08.033
https://doi.org/10.1016/j.neuron.2004.08.033
https://doi.org/10.1523/JNEUROSCI.3565-06.2007
https://doi.org/10.1523/JNEUROSCI.3565-06.2007
https://doi.org/10.1007/s11033-019-04943-z
https://doi.org/10.1073/pnas.2212338120
https://doi.org/10.1073/pnas.2212338120
https://doi.org/10.1186/s12958-021-00880-4
https://doi.org/10.1073/pnas.1916867116
https://doi.org/10.1073/pnas.1423869112
https://doi.org/10.1073/pnas.1423869112
https://doi.org/10.1371/journal.pone.0060578
https://doi.org/10.1371/journal.pone.0060578
https://doi.org/10.1074/jbc.M114.607556
https://doi.org/10.3389/fcell.2022.835594
https://doi.org/10.3389/fcell.2022.835594
https://doi.org/10.1007/s00424-003-1048-5
https://doi.org/10.1016/j.cell.2009.12.053
https://doi.org/10.1007/s00232-012-9425-7
https://doi.org/10.1007/s00232-012-9425-7
https://doi.org/10.1038/nature14958
https://doi.org/10.1016/j.bbrc.2012.06.038
https://doi.org/10.1523/JNEUROSCI.0859-09.2009
https://doi.org/10.1523/JNEUROSCI.0525-10.2010
https://doi.org/10.1038/ng.2441
https://doi.org/10.1038/nn.2563
https://doi.org/10.1038/nn.2563
https://doi.org/10.1523/JNEUROSCI.2162-12.2012
https://doi.org/10.1523/JNEUROSCI.2162-12.2012
https://doi.org/10.1113/JP270675
https://doi.org/10.1113/JP270675
https://doi.org/10.1085/jgp.200509360
https://doi.org/10.1523/JNEUROSCI.3150-10.2010
https://doi.org/10.1523/JNEUROSCI.3150-10.2010
https://doi.org/10.1002/cne.23934
https://doi.org/10.1371/journal.pone.0110833
https://doi.org/10.1371/journal.pone.0110833
https://doi.org/10.1002/cne.20462
https://doi.org/10.1111/andr.13606

	Physiological role of potassium channels in mammalian germ cell differentiation, maturation, and capacitation
	Abstract
	1 | INTRODUCTION
	2 | VOLTAGE-GATED POTASSIUM CHANNELS (KV CHANNELS)
	3 | INWARDLY RECTIFYING POTASSIUM CHANNELS (Kir CHANNELS)
	4 | TANDEM PORE DOMAIN POTASSIUM CHANNELS
	5 | LIGAND-GATED POTASSIUM CHANNELS
	5.1 | Calcium-gated potassium channels (KCa channels)
	5.2 | Sodium-gated potassium channels (KNa channels)

	6 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


