THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 25, pp. 19259-19266, June 18,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Phosphatidylinositol 4,5-Bisphosphate Activates Slo3
Currents and Its Hydrolysis Underlies the Epidermal Growth
Factor-induced Current Inhibition™

Received for publication, January 5, 2010, and in revised form, March 20,2010 Published, JBC Papers in Press, April 14,2010, DOI 10.1074/jbc.M109.100156

Qiong-Yao Tang®*, Zhe Zhang®, Jingsheng Xia®, Dejian Ren®, and Diomedes E. Logothetis™'

From the *Department of Physiology and Biophysics, School of Medicine, Virginia Commonwealth University,
Richmond, Virginia 23298-0551 and the SDepartment of Biology, University of Pennsylvania, Philadelphia, Pennsylvania 19104

The Slo3 gene encodes a high conductance potassium chan-
nel, which is activated by both voltage and intracellular alkalin-
ization. Slo3 is specifically expressed in mammalian sperm cells,
where it gives rise to pH-dependent outwardly rectifying K*
currents. Sperm Slo3 is the main current responsible for the
capacitation-induced hyperpolarization, which is required for
the ensuing acrosome reaction, an exocytotic process essential
for fertilization. Here we show that in intact spermatozoa and
in a heterologous expression system, the activation of Slo3
currents is regulated by phosphatidylinositol 4,5-bisphosphate
(PIP,). Depletion of endogenous PIP, in inside-out macro-
patches from Xenopus oocytes inhibited heterologously ex-
pressed Slo3 currents. Whole-cell recordings of sperm Slo3 cur-
rents or of Slo3 channels co-expressed in Xenopus oocytes with
epidermal growth factor receptor, demonstrated that stimula-
tion by epidermal growth factor (EGF) could inhibit channel
activity in a PIP,-dependent manner. High concentrations of
PIP, in the patch pipette not only resulted in a strong increase in
sperm Slo3 current density but also prevented the EGF-induced
inhibition of this current. Mutation of positively charged resi-
dues involved in channel-PIP, interactions enhanced the EGF-
induced inhibition of Slo3 currents. Overall, our results suggest
that PIP, is an important regulator for Slo3 activation and that
receptor-mediated hydrolysis of PIP, leads to inhibition of Slo3
currents both in native and heterologous expression systems.

The Slo3 gene encodes a member of the high conductance
potassium (Slo) family that is activated by both voltage and
intracellular alkalinization (1-3). Slo3 was first cloned in 1998.
Unlike Slo1, which is widely distributed in many different tis-
sues (e.g. see Refs. 4—6), Slo3 was found to be expressed exclu-
sively in mammalian testis (1). Slo3 showed greater sensitivity
than Slol channels to intracellular tetraethylammonium,
4-aminopyridine, and intracellular and extracellular quinidine.
However, no specific blocker has been reported thus far for Slo3
currents (7). Because of its sensitivity to both pH and voltage,
Slo3 has been thought to be involved in sperm capacitation
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and/or the acrosome reaction, steps essential in mammalian
fertilization (reviewed in Refs. 8 —10). These two key events
required for sperm to fertilize an egg involve changes in ionic
permeability, intracellular pH, membrane potential, and con-
centrations of Ca*>* ([Ca®>*],) and cAMP (11).

Whole-cell voltage clamp recording on mouse spermatozoa
revealed that an outwardly rectifying K™ current (Ixg,,), with
properties most similar to those of mSlo3, is one of the two
predominant currents in mammalian spermatozoa (12). This
channel was activated by intracellular alkalinization, such as
can be induced by exposure to NH,Cl. This NH,Cl-induced K™
conductance controlled membrane potential and was thought
to play a role in capacitation, hyperactivated motility, and
the acrosome reaction in sperm cells (for a review, see Ref. 13).
Slo3 has a relatively low selectivity for K™ over Na™ (P, /Py,
~5). As the Na™ /K™ concentration ratio changes throughout
the female reproductive tract, the channel can exert a depolar-
izing or a hyperpolarizing effect on sperm (11). Recently, it was
shown that Slo3 knock-out mice had impaired sperm motility
and were male infertile with a capacitation-induced depolariza-
tion in the mutant rather than hyperpolarization as seen in the
wild type. Mutant sperm failed to undergo the acrosome reac-
tion (14). In addition, the Slo3 mutant sperm lacked the NH,CI-
induced outwardly rectifying K" currents, providing strong
evidence that Slo3 underlies the Ksper currents in normal
sperm (14).

Phosphatidylinositol 4,5-bisphosphate (PIP,)? is a major sig-
naling phospholipid in the inner leaflet of the plasma mem-
brane. Most types of ion channels and ion transporters require
PIP, to function and can be inhibited by signaling pathways that
deplete or hydrolyze PIP, (15, 16). It has been known that, in
mouse sperm, phosphoinositide-dependent pathways play an
essential role in the early events of mammalian fertilization
(17). Extensive studies with members of the Kir channel sub-
family (Kir 1-7) have provided molecular insight into the
mechanisms of the regulation of channel activities by PIP, (18).
The direct interaction between the negative phosphate head-
groups of PIP, and the positively charged residues in the N and
C termini is essential for activation of PIP,-sensitive channels

2The abbreviations used are: PIP,, phosphatidylinositol 4,5-bisphosphate;
PIP;, phosphatidylinositol 1,4,5-trisphosphate; EGF, epidermal growth fac-
tor; EGFR, epidermal growth factor receptor; Wtmn, wortmannin; TEVC,
two-electrode voltage clamp recording; M), megaohms; poly-K, polyly-
sine; AASt, arachidonylstearyl; Ab, antibody; diCg, 8-carbon-long acyl
chain; Slo-WT, wild type Slo; mSlo, mouse Slo; n,,, Hill coefficient.
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(19-23). Recent work has reported that Slo1 was directly regu-
lated by PIP, (24). It was not known, however, whether PIP,
also modulates the activity of other Slo family members, such as
Slo3.

The epidermal growth factor (EGF) family has been shown to
play an important role in the regulation of reproductive func-
tion. EGF is widely distributed along the reproductive tract. It
has been proposed to be involved in the regulation of sperm
motility (25, 26). The EGF receptor (EGFR) is localized in the
flagellum and was found to be present in all non-capacitated,
capacitated, and acrosome-reacted spermatozoa in humans,
rabbits, and rats (27). In boars, EGFR was also localized in the
flagellum, but its presence was reported to be restricted only to
acrosome-reacted spermatozoa (28). Thus, EGF may act to
increase sperm motility, particularly following the acrosome
reaction. Because EGF is also present in oocytes, it could serve
as an important co-factor in sperm activation during fertiliza-
tion. Previous work has shown that stimulation of mouse sper-
matozoa with EGF results in PIP, hydrolysis, DAG generation,
and acrosomal exocytosis (29). However, the mechanism of the
EGF action remains unknown.

In the present study, we present evidence implicating PIP, as
an important regulator for Slo3 activation and linking the EGF
receptor-mediated inhibition of Slo3 currents to PIP, hydroly-
sis both in mouse spermatozoa and in a heterologous expres-
sion system.

EXPERIMENTAL PROCEDURES

Oocyte Preparation and Molecular Biology—Xenopus laevis
oocytes were prepared and injected using standard protocols
(30). Mouse Slo3 cDNA was amplified with PCR from a clone
purchased from Open Biosystems and cloned into the Xenopus
oocyte expression vector pXoom, 3’ of the T7 promoter. RNA
for each channel was made using the Ambion mESSAGE
mACHINE T7 kit. Mutations were made using PCR with Pfu
polymerase and were confirmed by sequencing. The cRNA was
injected at 5-15 ng/35- 60 nl for two-electrode voltage clamp
recording (TEVC) or 8-30 ng/50-100 nl for macropatch
recording or was co-expressed with EGFR cRNAs in the ratio of
1:1.5 for TEVC recording.

Electrophysiological Macropatch Recording in Oocytes—
Channel activity was recorded with devitellinized oocytes
under a standard excised inside-out patch-clamp configuration
(31) with an Axopatch 200 amplifier (Molecular Devices,
Sunnyvale, CA). pClamp (Molecular Devices) was used to drive
stimulus protocols and digitize currents. To eliminate contam-
ination from endogenous Cl~ channels reported in oocytes,
currents were all recorded in Cl~ free solutions in both the
intracellular and extracellular sides. To minimize the possible
contamination from endogenous Ca®>* (or Ca>*-regulated) ion
channels in oocytes, 2 mm MgCl, was used in the extracellular
side of a standard pipette solution. The standard pipette solu-
tion contained 140 mMm potassium methanesulfonate, 20 mm
KOH, 10 mm HEPES, 2 mm MgCl,, pH 7.0. The composition of
solutions used to bathe the cytoplasmic face of patch mem-
branes was 140 mm K-methanesulfonate, 20 mm KOH, 10 mm
HEPES, 5 mm EGTA with pH adjusted to the values as indicated
in the text and figures. Recordings were performed 4 -5 days
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following injection. The recording pipettes used had a resist-
ance of 0.3— 0.8 M() in the bath solution. Currents were elicited
by voltage stimuli lasting 100 ms, delivered every 1 s with a
voltage ramp protocol from —100 to +160 mV. The anti-PIP,
antibody, polylysine (poly-K), neomycin, arachidonylstearyl
(AASt) PIP,, and short chain (8-carbon-long acyl chain, diCyg)
PIP, were applied to the intracellular side of excised patches.
All experiments were performed at room temperature
(~22-25°C).

TEVC—TEVC recordings in Xenopus laevis oocytes were
performed 3-5 days after cRNA injection (GeneClamp500
amplifier, Axon Instruments). Electrodes were filled with 3 m
KCl dissolved in 1% agarose. The standard bath solution was
the same as that used in the pipette solution for macropatch in
Cl™ free solutions. Microelectrodes had a resistance of 0.3-1.0
M. Whole-cell currents were elicited by voltage stimuli last-
ing 0.8 s, delivered every 5 s with a voltage ramp protocol rang-
ing from —100 to +160 mV. Wortmannin treatment involved
incubation of oocytes for 2 h before recording.

Patch-Clamp Recordings in Spermatozoa—Recordings were
performed on sperm cells from the corpus epididymis derived
from mice 4—11 months of age. Patches were targeted at the
sperm cell cytoplasmic droplet (a thickening along the cyto-
plasmic tail) for cell-attached and whole-cell recordings as
described previously (32, 33). Pipette resistances were 7—11
MQ for both cell-attached and whole-cell recordings. After
break-in, access resistance in the whole-cell configuration was
30-85 M(). Whole-cell currents were elicited by voltage stim-
uli lasting 0.5 s, delivered every 2—5 s with a voltage ramp pro-
tocol ranging from —100 to +160 mV. All recordings were
performed at room temperature. Seals between the patch
pipette and the cytoplasmic droplet were formed in HS bath
solution, which contained 2 mm CaCl, to inhibit I,y
reported in sperm (12, 32, 34) (135 mMm NaCl, 5 mm KCI, 2 mm
CaCl,, 1 mm MgSO,, 20 mm Hepes, 5 mMm glucose, 10 mM lactic
acid, 1 mm sodium pyruvate, pH 7.4, with NaOH). The osmo-
larity of the solution was about 300-310 mOsm/kg. The stan-
dard pipette solution was the same as that used in the intracellular
side for the conventional macropatch configuration expressed
in oocytes. pH was adjusted to 6.1, and osmolarity was adjusted
to 285-295 mOsm/kg with glucose.

Lipid Handling, PIP, Dose Response and Other Chemicals—
Stock solutions of AASt PIP, (0.5 mm) (Roche Applied Science)
in different pH solutions were prepared by sonication in cold
water or on ice for more than 25 min and kept at —80 °C. The
working solutions were prepared by diluting the stock solution
to the desired concentrations, followed by at least 25 min of
additional sonication. diCq PIP, (purchased from Avanti) was
dissolved in the desired experimental solution at a concen-
tration of 500 mm with pH adjusted to the nominal values as
indicated in the text and figures and stored at —80 °C. Fur-
ther dilutions were made to the desired pH solution. Stocks
and working solutions of other chemicals, such as PIP, anti-
body (Avanti), poly-K (Sigma), wortmannin (Sigma), and
EGF (Roche Applied Science) were prepared using protocols
according to the manufacturer’s instructions. The pH of the
stock solution for each chemical was adjusted to the nominal
values as indicated in the text and figures.
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Data Analysis—Currents obtained at +160 mV (averaged
over a 5-20-ms duration) were plotted as a function of time.
Signals were acquired in pClamp 9 (Axon Instruments). Signals
were filtered at 2 kHz and sampled at 10 kHz. The current size
and its activation or inhibition were measured at +160 mV. The
Hill equation was used to fit Figs. 2F and 3B, and the Boltzmann
equation was used to fit Fig. 1E (Origin 7.0, Microcal Software).
Data are expressed as mean * S.E. Statistical comparisons were
made with a two-tailed ¢ test (Origin 7.0); p < 0.05 indicated
statistical significance.

RESULTS

Depletion of Endogenous PIP, Inhibits Slo3 Channels Ex-
pressed in Xenopus Oocytes—We first tested whether Slo3 cur-
rents were sensitive to PIP, scavengers. In the first 1-2 min
following excision into inside-out macropatches, ~90% of
recordings showed weak run down of channel activity. As has
been shown for other channels, activity run down is likely to
result from a gradual depletion of membrane PIP, following
patch excision. Weak run down may reflect relatively strong
binding between endogenous PIP, and Slo3 channels. To test
for this possibility, we applied PIP, antibody (PIP, Ab) into the
bath solution. Slo3 currents induced by high pH (pH 8.5)
were greatly inhibited by PIP, Ab, (1:100 dilution), resulting
in an 86.0 £ 1.6% inhibition (n = 10) (Fig. 1, A-C). This
inhibitory effect could be partially reversed by further per-
fusion of 5 um PIP, AASt. The average recovery current level
by PIP, was 61.7 = 3.2% (n = 4). The proportion of the
current gradually activated by PIP, is likely to reflect a cor-
responding increase in rebinding of PIP, to channels. The
kinetic process of reactivation by PIP, was fitted with a single
exponential function, and the T}, (time required for half-
maximal activation) was 216.3 = 29.2 s (n = 4) (Fig. 1A).

Next we tested the effects of wortmannin (Wtmn) on Slo3
currents. Wtmn, which is known to block the activity of most
phosphatidylinositol 3-kinases at nanomolar concentrations,
also blocks 4-kinases at micromolar concentrations (35), thus
reducing resynthesis of PIP, to the plasma membrane. TEVC
recordings demonstrated that Slo3 currents expressed in
oocytes were greatly inhibited by pretreatment with 30 um
Wtmn for 2 h (n = 6; Fig. 1, D (right panels) and E). Uninjected
control oocytes showed little detectable currents (# = 11) and
no effect by a 2-h pretreatment of Wtmn (n = 9; Fig. 1, D (left
panels) and E). The conductance (G)-voltage relationships
demonstrated that the inhibition of Slo3 currents by Wtmn was
weakly voltage-dependent (Fig. 1E).

Positively charged poly-K acts as a PIP, scavenger that inhib-
its the activities of several PIP,-sensitive ion channels (e.g. see
Refs. 20 and 36). Application of 300 pg/ml poly-K (M, ~8000
Da) resulted in fast inhibition of Slo3 currents (inhibition
77.3 = 0.9% (n = 33)). As was the case following inhibition by
PIP, Ab (Fig. 1A), AASt PIP, gradually reactivated Slo3 cur-
rents (62.9 £ 2.1%, n = 3) (Fig. 2, A—C), presumably reflecting
an increase in rebinding of exogenous PIP, to the channel. Sim-
ilarly, application of neomycin, a polycation that reversibly
complexes membrane PIP, (37) and prevents it from interact-
ing with the channel, resulted in a fast and stepwise reduction in
channel activity. The estimated IC, for neomycin inhibition
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FIGURE 1. Reducing endogenous PIP, levels by PIP, Ab or Wtmn inhibits
Slo3 channels expressed in Xenopus oocytes. A, representative time course
of an inside-out macropatch recording from oocytes injected with Slo3 cRNA.
The experiment shows current block by PIP, Ab (1:100), followed by partial
reactivation by 5 um AASt PIP,. A monoexponential fit to the time course of
recovery from PIP, Ab inhibition is shown. Ty, value during PIP, reactivation
represents the time required to reach 50% of the steady-state current level
(216 = 295, mean = S.E.(n = 4)). The PIP, Ab inhibition showed faster kinetics
than the PIP, reactivation (55 £ 6 s, mean = S.E. (n = 6)). Current sizes were
measured at +160 mV (see “Experimental Procedures”). The dashed line rep-
resents zero current level. The horizontal bars above indicate the changes in
intracellular pH; between 7.0 and 8.5. B, representative Slo3 currents evoked
by a 100-ms voltage ramp ranging from — 100 to +160 mV at the time points
indicated by numbers in A, to show the effect of alkalinization (from 7 to 2),
inhibition by PIP, Ab (3), and reactivation by PIP, (4). Traces are averaged from
10 runs. G, bars represent normalized currents (at +160 mV) induced by alkalin-
ization (from pH 7.0 to 8.5), inhibition by PIP, Ab, and reactivation by PIP, (at pH
8.5). Data points represent mean = S.E. (error bars) of at least four experiments.
Currents were normalized to the level after alkalinization at an intracellular pH of
8.5. D, whole-cell currents (TEVC) were obtained using voltage steps (100 ms) in
increments of 10 mV starting from a holding potential of —100 mV to +250 mV.
Left, uninjected oocytes with (below) or without (above) a 2-h preincubation with
Wtmn. Right, currents from Slo3-injected oocyte with (below) or without (above)
2-h preincubation with Wtmn. E, averaged conductance-voltage relationships
for uninjected and Slo3-expressing oocytes in the presence and absence of pre-
incubation with Wtmn. The two curves for uninjected oocytes (open and filled
squares) overlap.

was 0.53 * 0.04 mm with a Hill coefficient (r,;) of 0.9 = 0.1 (n =
10; Fig. 2, D—F). Removal of neomycin induced a quick recov-
ery, suggesting rapid PIP, rebinding with the channel (Fig. 2, D
and E). The fast reactivation upon washout of neomycin sug-
gests that neomycin acts as a weaker PIP, scavenger than
poly-K, following washout of which there was little recovery
The relatively weaker PIP, scavenging ability of neomycin ver-
sus poly-K not only reflects the fact that neomycin is less posi-
tively charged (+6) than poly-K (=>6) but also is consistent
with the hypothesis that the Slo3 channel is likely to bind PIP,
more strongly than other channels, such as Kirl.1 channels.
With Kirl.1 channels, increases of neomycin concentrations
resulted in a fast and stepwise reduction in channel activity with
anIC,, 0f 0.2 £ 0.1 mm and a complete inhibition at 5 mm (38).
The higher IC, for Slo3 reflects its stronger binding with PIP,
compared with Kirl.1 channels. Consistent with this interpre-
tation, >30 mm neomycin was required to produce a complete
inhibition of Slo3 currents (Fig. 2, D-F).
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FIGURE 2. Depletion of endogenous PIP, level by poly-K or neomycin
(Neo) inhibits Slo3 channel-PIP, interactions in Xenopus oocytes. A, rep-
resentative time courses of recordings from oocytes injected with Slo3 show-
ing current block by 300 wg/ml poly-K and reactivation by AASt PIP, (5 um or
higher concentrations). Current amplitudes were measured at +160 mV (see
“Experimental Procedures”). The dashed line indicates the zero current level.
The horizontal bars above indicate the changes in intracellular pH; between
7.0 and 8.5. B, representative Slo3 currents evoked by a 100-ms voltage ramp
ranging from —100 to +160 mV at the time points indicated by numbersin A,
to show the effect of alkalinization (from 7 to 2), inhibition by poly-K (3), and
reactivation by PIP, (4). Traces are averages from 10 runs. C, bars represent
normalized currents (at +160 mV) induced by alkalinization (from pH 7.0 to
8.5), inhibition by poly-K, and reactivation by PIP,. Data represent mean = S.E.
(error bars) of 3-8 experiments. Currents were normalized to the level follow-
ing alkalinization at a pH of 8.5. D, representative time course recording from
oocytes injected with Slo3 showing rapid inhibition by various concentra-
tions of neomycin and partial recovery by washout. Current amplitudes were
measured at +160 mV. The dashed line represents the zero current, and hor-
izontal bars above indicate the changes in intracellular pH between 7.0 and
8.5.F, representative Slo3 currents evoked by a 100-ms voltage ramp ranging
from —100 to +160 mV at the time points indicated by numbers in D, to show
the effect of alkalinization (from 7 to 2) and inhibition by different concentra-
tions of neomycin (0.3 mm (3), 3 mm (4), and 30 mm (5)). Traces are averages
from six runs. F, dose-response curves for inhibition of Slo3 channels by neo-
mycin fitted to a standard Hill function with an IC5, = 0.53 = 0.04 mm and Hill
coefficient of 0.9 = 0.1. Data points represent mean = S.E. (error bars) of n =
10. Notice that some of the error bars are smaller than the open circles.

Residues in the Slo3 Cytosolic C Terminus That Affect Chan-
nel-PIP, Interactions—In general, channel-PIP, interactions
have been shown to be electrostatic in nature (39, 40). The
positively charged cytoplasmic residues clustered close to the
bottom of the pore-forming S6 (or M2) segments in PIP,-sen-
sitive channels have been shown to be critical for the PIP,
action (e.g. see Refs. 20 and 41). The region near the intracellu-
lar mouth of Slo3 channel was screened for residues that might
contribute electrostatically to the binding of PIP, (shown in
boldface type in Fig. 3A). We proceeded to test whether neu-
tralization mutations would cause a decrease in the apparent
affinity of the channel for PIP,. We used a synthetic water-
soluble analog of PIP,, diCq PIP,, that enabled us to construct
dose-response relationships (e.g. see Refs. 20 and 41) (Fig. 3B).
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FIGURE 3. Mutations of positively charged residues in a carboxyl intracel-
lular domain decrease the apparent channel-PIP, affinity. A, mutated
positive charged residues clustered at the intracellular mouth of Slo3 chan-
nels are shown in boldface letters. The asterisks denote residues whose muta-
tion affected the apparent PIP,-channel affinity (PIP, interaction sites; see B).
The arrows indicate the start of the juxtamembrane domain and within the
RCK1 domain, respectively, in the Slo3 C terminus. B, relative currents (/gcg.pip>/
Ihax) in response to diCg-PIP, application subsequent to the endogenous
PIP, depletion by poly-K (300 ug/ml) for Slo3-WT and mutant channels.
Curves were fitted to a standard Hill function with an EC, and Hill coefficient,
respectively, of 2.4 + 0.3 um and 2.11 for wild type, 6.2 = 0.5 um and 0.9 for
K320N, 18.4 = 1.4 umand 0.9 for K329N, and 34.6 = 4.4 um and 0.8 for K320N/
K329N. Data points represent mean = S.E. (error bars) of 3-7 determinations.
C, bars represent averaged EC., values of diCg PIP, responses for Slo3-WT and
mutants. ##, p < 0.001; **, p < 0.005; *, p < 0.05.

Following channel activation by intracellular alkalinization
(pH 8.5), poly-K was applied (300 ug/ml) to inhibit Slo3 cur-
rents. Then different concentrations of diCg4 PIP, at pH 8.5 were
applied to reactivate Slo3 currents. Dose-response curves were
fitted by the Hill equation for the wild-type Slo3 (Slo3-WT) and
carboxyl terminal mutants made within the juxtamembrane
region, where basic residues have been shown to interact with
PIP, in other ion channels. The EC, for activation of Slo3-WT
by diCq PIP, was 2.4 * 0.3 um with a Hill coefficient of 2.1 (n =
4.-5) (Fig. 3B). The summarized data of EC, values for various
mutations are shown in Fig. 3C. Thus, both the K320N (EC, =
6.2 = 0.5 uM; 11, = 0.9; 11 = 4—6) and K329N (EC,,, = 18.4 = 1.4
uM; nyy = 0.9; m = 4-6) mutations significantly reduced the
sensitivity of the channel to activation by PIP,, suggesting that
both of these residues may be involved in direct channel-PIP,
interaction. Furthermore, the double mutant K320N/K329N
largely decreased the sensitivity of the Slo3 channel to PIP,
activation (EC, = 34.6 = 4.4 um; ny; = 0.8; n = 3-7; Fig. 3, B
and C). In contrast, the mutants K319N and K323N (data not
shown) showed sensitivity to diCg PIP, that was indistinguish-
able from that of the wild-type channel. These results impli-
cated the Lys®*° and Lys®*® residues of the channel’s juxtamem-
brane cytosolic domain to be involved in channel activation by
PID,.
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FIGURE 4. The apparent affinity of channel-PIP, interactions determines
the degree of EGF-induced inhibition of Slo3 channels expressed in
Xenopus oocytes. A, time course recording of channel inhibition by EGF for
Slo3-WT channels following intracellular alkalinization induced by adding 15
mm NH,4CI to the bath. Slo3-WT was co-injected with EGFR in oocytes. Cur-
rents were measured at +160 mV (see “Experimental Procedures”). B, repre-
sentative whole-cell currents (TEVC) of Slo3-WT co-injected with EGFR in
oocytes. Currents were evoked by a 0.8-s voltage ramp protocol ranging from
—80to +160 mV at the time points indicated by the numbers in A. C, similar to
A but with the Slo3-K329N mutant. D, similar to B, but with the Slo3-K329N
mutant. E, bars represent normalized currents induced by intracellular alka-
linization by adding NH,Cl to the bath and inhibition by EGF (+NH,CI) for
Slo3-WT (left) and Slo3-K329N (right) currents. Current amplitudes were nor-
malized to the levels after alkalinization induced by adding 15 mm NH,Cl to
the bath (**, p < 0.005). Error bars, S.E.

Growth Factor Receptor Stimulation Inhibits the Slo3-WT
and K329N Mutant Channels to Different Extents—It has been
known that, in Xenopus oocytes, stimulation of EGFR by EGF
can initiate PIP, hydrolysis through receptor tyrosine kinase
activation of PLCy (42), such that it causes inhibition of K™
currents (e.g. see Ref. 43). We proceeded to compare the effects
of receptor-induced inhibition on Slo3-WT versus Slo3-K329N
mutant, which significantly decreased channel-PIP, interac-
tions. We co-expressed EGFR either with Slo3-WT (Fig. 4, A, B,
and E (left)) or with the Slo3-K329N mutant (Fig. 4, C, D, and E
(right)) channels in Xenopus oocytes and assessed the relative
inhibition by EGF. Whole-cell TEVC indicated that stimulation
of EGER by EGF resulted in slightly higher inhibition for the
K329N mutation (29.6 * 2.2% inhibition, # = 4) compared with
Slo3-WT channels (20.4 = 1.5% inhibition, n = 4). However,
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following intracellular alkalinization induced by 15 mm NH,Cl
in the bath, the relative EGF-induced inhibition was signifi-
cantly greater for the K329N mutant (67.7 * 2.8% inhibition,
n = 6) compared with 36.0 = 3.1% inhibition for wild-type
channels (n = 6) (Fig. 4E). This result suggested that the extent
of inhibition by EGF depends on the relative strength of chan-
nel-PIP, interactions. The enhanced EGF-induced inhibition
following alkalinization reflects an interesting pH, dependence,
the mechanism for which remains unknown.

PIP, Increases Sperm Slo3 Current Density—Northern blot
analysis and reverse transcription-PCR experiments have sug-
gested that Slo3 is specifically expressed in testis in both mice
and humans (1). Although the lack of specific Slo3 antibodies
has prevented immunocytochemical identification and local-
ization of mSlo3, whole-cell recordings from intact sperm have
revealed an outwardly rectifying K™ current, specifically local-
ized to the principal piece of the sperm flagellum, that has
been thought to be the most likely candidate responsible for
sperm Slo3 currents (12). However, these currents under the
recording conditions employed do not exhibit the time or volt-
age dependence seen in the mSlo3 currents heterologously
expressed in Xenopus oocytes (12).

We set out to compare K™ currents recorded in spermatozoa
with Slo3 currents expressed in oocytes under a higher voltage
recording protocol (~+160 mV) than employed previously
(see “Experimental Procedures” and supplemental Fig. 1). After
alkalinization induced by NH,Cl externally in the bath, the cur-
rents (in symmetrical 140 mm [K™]) elicited with a voltage ramp
protocol from —100 to +150 mV from intact sperm show that
the sperm Slo3 currents steeply rectify (supplemental Fig. 1B).
In step depolarizations, the currents elicited at higher voltage
steps from +100 to +160 mV revealed a weak voltage and time
dependence (supplemental Fig. 1D). Moreover, a current-volt-
age profile similar to that of Slo3 expressed in oocytes was
obtained (supplemental Fig. 1, A and C; see “Discussion”). How-
ever, the native current displayed a relatively stronger activa-
tion by alkalinization at pH 6.1 (before application of NH,C;
see supplemental Fig. 1B) than mSlo3 expressed in Xenopus
oocytes (supplemental Fig. 1B). One possible reason for this
difference could be due to differences in intracellular modula-
tors of Slo3 in the two expression systems. Modulators of
Slo3 currents remain largely unexplored. For example, a
recent study showed that the 4 subunit of Slol is abun-
dantly expressed in both testes and sperm and that co-ex-
pression of this subunit in Xenopus oocytes produced an
8 —9-fold enhancement of Slo3 currents (44).

Next, we proceeded to test whether sperm Slo3 currents
exhibited a similar dependence on PIP, as did the heterolo-
gously expressed channel. Inclusion of PIP, into the recording
pipette did not show an effect in the cell-attached configuration
(Fig. 5, A and B (left)) but largely increased the current density
in whole-cell recordings from intact spermatozoa (Fig. 5, A and
B (middle and right)). The averaged sperm Slo3 current density
increased 8.6-fold when 200 um diCg PIP, was included in the
pipette as compared with when it was not (n > 7; Fig. 5, A and B
(middle)). Intracellular alkalinization, induced by the addition
of 10 mm NH,Cl in the bath, strongly potentiated sperm Slo3
current density in both cases, with or without PIP, in the
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FIGURE 5. Intracellular PIP, increases sperm Slo3 current density. A, rep-
resentative sperm Slo3 current in cell-attached (CA; left) or whole-cell record-
ing configurations in sperm before (WC; middle) and after intracellular alka-
linization induced by adding NH,Cl to the bath (WC + [NH,C/],; right). A 0.5-s
voltage ramp was applied from —100 to +160 mV with or without diCg4 PIP, in
the pipette solution. Shown is a patch pipette attached to the membrane on
the cytoplasmic droplet of a sperm cell. B, bars represent sperm Slo3 current
amplitude in cell-attached (left) or current densities before (middle) and after
(right) intracellular alkalinization induced by adding NH,Cl to the bath, with or
without diCg PIP, in the pipette solution. Data points represent mean = S.E.
(error bars) of at least five experiments. ***, p < 0.0001; *, p < 0.01.

pipette solution (Fig. 5, A and B, right). In the presence of 10 mm
NH,CI (Fig. 5, A and B (right)), the averaged sperm Slo3 current
density was increased 3.2-fold by inclusion of PIP, in the
pipette. These results demonstrate that intracellular PIP, acti-
vated sperm Slo3 currents directly in spermatozoa. Several con-
ductances have been described in sperm (45), and as such, the
question arises of whether PIP, potentiates other currents that
contribute to the outwardly rectifying K* currents we re-
corded. Because the Slo3 knock-out showed that the NH,CI-
induced outwardly rectifying K currents were due to Slo3, we
proceeded to test the effects of EGF on NH,Cl-induced Slo3
currents in sperm.

Epidermal Growth Factor Receptor Stimulation Inhibits
Sperm Slo3 in the Absence but Not in the Presence of Exogenous
PIP,—We next tested whether sperm Slo3 was regulated by
EGF. Application of EGF (150 nm) to the bath solution in a
whole-cell recording of sperm partially inhibited the currents
(41.9 = 6.5%, n = 4) following current activation by 10 mm
NH,CI (Fig. 6, A-C), suggesting a possible role for current inhi-
bition by PIP, hydrolysis. The inclusion of 200 um diCgq PIP, in
the recording pipette solution prevented the EGF inhibitory
effect (8.7 = 6.1%, n = 4) (Fig. 6, A—C). These results suggest
that PIP, hydrolysis caused by EGEFR stimulation regulates
sperm Slo3 currents. Because EGF causes PIP, hydrolysis and
acrosomal exocytosis in sperm (29), it is likely that the sperm
Slo3 current inhibition caused by PIP, depletion contributes to
the acrosome reaction.
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FIGURE 6. Intracellular PIP, prevents sperm Slo3 current inhibition by
EGF in whole-cell patch-clamp recordings. A, time courses of representa-
tive whole-cell recordings showing that EGF inhibited the native current, but
such an inhibition was prevented by inclusion of diCg PIP, in the recording
pipette. Current amplitudes were measured at +160 mV (see “Experimental
Procedures”) and normalized to the maximum after intracellular alkaliniza-
tion by adding NH,Cl to the bath. B, representative sperm Slo3 current den-
sities evoked by a 0.5-s voltage ramp from —100 to +160 mV at the time
points indicated by the numbers in A, to show the effect of diCg PIP, presentin
the pipette solution (right) on the EGF-induced current inhibition compared
with the absence of diCg PIP, from the pipette solution (left). Current ampli-
tudes were normalized to the levels after induction of alkalinization by the
addition of 15 mmNH,Cl to the bath.*,p < 0.005. C, bars represent normalized
current densities induced by intracellular alkalinization by the addition of
NH,Cl to the bath and inhibition by EGF application to the bath (in the pres-
ence of NH,Cl) with (right) or without (left) diCg PIP, in the pipette solution (¥,
p < 0.01). Currents were measured at +160 mV and normalized to the level
following intracellular alkalinization by the addition of NH,Cl to the bath solu-
tion. Error bars, S.E.

DISCUSSION

PIP, has been shown to be a necessary cofactor for the activ-
ity of many ion channels. Recent studies have suggested that a
plethora of regulatory factors (such as polyamines, kinases,
pH, and Na™ ions) that modulate Kir channel activity are
coupled to PIP, sensitivity (46 —48). In the present study, we
have characterized the effects of PIP, on Slo3 channels. Our
data provide strong evidence that PIP, may serve indeed as
an important regulator of Slo3 channel activity both in a
heterologous expression system and in native mammalian
sperm. We identified two residues in the cytoplasmic C-ter-
minal juxtamembrane region that are likely to be involved in
direct channel-PIP, interactions, as in other channels (e.g.
see Refs. 36, 49, and 50). In addition, our results suggest that
PIP, hydrolysis through stimulation of the EGF receptor
inhibits Slo3 channels expressed in both Xenopus oocytes
and native spermatozoa.
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Whole-cell recordings of sperm revealed a constitutively
active, outwardly rectifying potassium current, similar to that
previously reported for the Ksper current but with some dis-
tinct differences from the expressed Slo3 (12). In contrast, our
study suggests strongly that Ksper and Slo3 are one and the
same current. First, we show that this K" current is clearly
activated by both voltage and intracellular alkalinization by
testing a wide voltage range from —100 to +160 mV. Second, in
symmetrical K* conditions with 2 mm CaCl, in the bath to
eliminate possible contamination from monovalent currents
via Catsper channels (see “Experimental Procedures”), we
obtained a current using a ramp protocol ranging from —100 to
+160 mV that showed a current-voltage profile similar to that
obtained in Xenopus oocytes (supplemental Fig. 1, B and D).
Furthermore, the EGF-inhibited sperm currents in step depo-
larizations showed both time and voltage-dependence even at
lower voltages than those shown (data not shown). Similar
results to ours have been reported by Martinez-Lopez et al.
(11), who showed a time- and voltage-dependent current that
responded to the Slo3 blockers in mature sperm. Thus, the
whole-cell currents recorded in mouse spermatozoa under our
conditions are indeed likely to represent native Slo3 currents.

PIP, Acts as an Important Regulator for Slo3 Activation Both
in a Heterologous Expression System and in Native Cells—The
channel-PIP, interactions appear to be direct in nature, and
depletion or hydrolysis of PIP, causes current inhibition. The
activation of Slo3 channels at higher pH, (pH, 8.5) was inhibited
following the depletion of endogenous PIP, by scavengers, such
as PIP, Ab, wortmannin, poly-K, and neomycin, suggesting a
critical dependence of Slo3 activation on PIP,. In addition,
inclusion of diCg4 PIP, in the patch pipette increased the sperm
Slo3 current density by ~8.6-fold at +160 mV (~8.2 fold at
+100 mV). These results demonstrated once again the impor-
tance of PIP, in the regulation of Slo3 channel activity both in a
heterologous expression system and in native mammalian
sperm. On the other hand, the sequestration of endogenous
PIP, with PIP, Ab (Fig. 14) displayed considerably faster rates
than the subsequent monoexponential reactivation rates upon
application of PIP, AASt, suggesting that the rates of activation
and deactivation cannot be explained by a simple bimolecular
reaction scheme. Further detailed studies to examine the effects
of pH, and PIP, gating kinetics may be required to address this
issue.

Two Residues Located in the C-terminal Cytosolic Juxtamem-
brane Region of Slo3 Channels Are Involved in Channel-PIP,
Interactions—Slo3 is formed by four identical a subunits with a
long cytosolic carboxy-terminal tail that has been proposed to
be responsible for regulation of channel activity by ligands (52).
Studies in Kir channels have revealed that the nature of chan-
nel-PIP, interaction is electrostatic (20, 53). Positive residues
clustered at the C-terminal cytosolic juxtamembrane region
have been shown in a number of channels to contribute to PIP,
sensitivity. Our data show that neutralization of two basic res-
idues (K320N and K329N) resulted in significant decreases (p <
0.05 for K320N and p < 0.01 for K329N) in the apparent chan-
nel-PIP, affinity, in contrast with charge neutralization of
neighboring amino acids that showed no effect. In fact, neutral-
ization mutations of either K320 or K329 yielded reduced 7y,
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values, suggesting that at least one PIP, molecule was bound to
the mutant channels compared with the wild-type (n;; ~2).
Thus, allosteric mechanisms and possible conformational
changes affecting interactions with PIP, at different sites are
likely to be involved to explain these effects.

Slo3 channel-PIP, interactions show high affinity (diCq PIP,
EC,, = 2.4 = 0.3 um at a pH of 8.5). In Kir channels, where the
specificity of interactions with different stereoisomers of phos-
phoinositides has been studied in detail (41), it was found that
channels exhibiting the highest PIP, affinity also exhibited high
stereospecificity of interactions with PIP,. This correlation of
affinity and specificity is supported by a number of PIP,-inter-
acting proteins (41, 54). Thus, although we did not examine the
Slo3-PIP, stereospecificity directly, it is likely that the high
affinity of Slo3 channels for PIP, also makes them highly ste-
reospecific in their interactions for this most abundant plasma
membrane phosphoinositide. As the capacitated sperm inter-
acts with the egg, ZP3, a glycoprotein component of the egg’s
zona pellucida, stimulates production of PIP;, which in turn
activates downstream kinases, such as Akt and PKC{. This
pathway is critical for triggering the acrosome reaction and is
required for successful in vitro fertilization (17). If indeed, Slo3
channels are stereospecific and are not activated by PIP,, then
the PIP; production from PIP, during ZP3 stimulation would
serve to inhibit Slo3 and depolarize the sperm membrane, also
helping to trigger the acrosome reaction.

EGF Regulation through PIP, Hydrolysis Acts as a Native
Regulator in Sperm—Our results show that PIP, hydrolysis
through stimulation of EGER inhibits Slo3 currents in both a
heterologous expression system and in native mammalian
sperm. It has been shown that EGF plays an important role in
regulating reproductive function by increasing sperm motility.
In this study, we have shown that EGF stimulation resulted in
K™ current inhibition regardless of whether it was tested with
Slo3 in a heterologous expression system or with sperm Slo3
currents in native mouse sperm. Decreasing channel-PIP,
interactions through mutagenesis of critical channel residues
that decrease the affinity of interactions enhanced the level of
EGF-induced inhibition. Moreover, inclusion of diCg PIP, in
the patch pipette attenuated the ability of EGF to inhibit
NH,Cl-induced sperm Slo3 currents (Fig. 5, C—E), demonstrat-
ing the significant role of PIP, in sperm Slo3 current regulation.

Because EGF stimulation has been shown to induce the acro-
some reaction in sperm (51), and stimulation of spermatozoa
with EGF has been shown to result in hydrolysis of PIP,, it is
likely that the concomitant inhibition of sperm Slo3 currents by
PIP, hydrolysis would depolarize the sperm membrane and
serve as a contributing factor to the Ca**-dependent exocytotic
event that is characteristic of the acrosome reaction. The extent
to which the sperm Slo3 current inhibition by PIP, hydrolysis
contributes to extracellular calcium entry versus intracellular
calcium release by inositol triphosphate, the product of PIP,
hydrolysis, remains to be investigated.

In summary, our study explored PIP, regulation of Slo3
channels in Xenopus oocytes and mouse sperm Slo3 currents.
Although the currents recorded from the intact spermatozoa
do not match perfectly those expressed in oocytes, the recent
Slo3 knock-out mouse studies lend further confidence that Slo3
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underlies the alkalinization-induced K* current responsible for
the hyperpolarization seen during capacitation. Our results
showed that 1) PIP, acts similarly to regulate both heterolo-
gously expressed Slo3 and sperm Slo3 currents, and 2) PIP,
hydrolysis through stimulation of EGFR underlies modulation
of both of the Slo3 currents. The similar regulation of Slo3
expressed in Xenopus oocytes and the native currents in sperm
by PIP, and EGF has added yet one more piece of evidence that
sperm Slo3 currents are the product of Slo3 expression.
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