
Bovine and Mouse SLO3 K� Channels
EVOLUTIONARY DIVERGENCE POINTS TO AN RCK1 REGION OF CRITICAL FUNCTION*□S

Received for publication, April 29, 2009, and in revised form, May 21, 2009 Published, JBC Papers in Press, May 27, 2009, DOI 10.1074/jbc.M109.015040

Celia M. Santi, Alice Butler, Julia Kuhn, Aguan Wei, and Lawrence Salkoff1

From the Department of Anatomy and Neurobiology, Genetics, Washington University School of Medicine,
St. Louis, Missouri 63110

The slo3 gene encodes aK� channel foundonly inmammalian
testis. This is in contrast to slo1, which is expressed in many
tissues. Genes pertaining tomale reproduction, especially those
involved in spermproduction, evolvemorphologically and func-
tionally much faster than their nonsexual counterparts. A com-
parison of SLO3 channel amino acid sequences from several
species revealed a high degree of structural divergence relative
to their SLO1 channel paralogues. To reveal any biophysical dif-
ferences accompanying this rapid structural divergence,we ana-
lyzed the functional properties of SLO3 channels from two spe-
cies, bovine and mouse. We observed several functional
differences including voltage range of activation, kinetics, and
pH sensitivity. Although SLO3 channel proteins from these two
species lack conservation in many structural regions, we found
that the first two of these three functional differencesmap to the
same loop structure in their RCK1 (regulator ofK� conductance
1) domain,which links the intermediateRCK1 subdomain to the
C-terminal subdomain.We found that small structural changes
in this region produce major changes in the voltage range of
activation and kinetics. This rapidly evolving loop peptide
shows the greatest length and sequence polymorphisms within
RCK1 domains from many different species. In SLO3 channels
this region may permit evolutionary changes that tune the gat-
ing properties in different species.

SLO3 encodes a high conductance potassium (K�) channel
of the SLO potassium channel family (4). SLO3 channels were
first cloned in 1998, from a testis cDNA library based on their
homology to the BK (SLO1 channel). Several lines of evidence
suggest that SLO3 expression is limited to mammalian testes.
Reverse transcription-PCR experiments in mouse using total
RNA from many tissues showed expression only in testes, and
Northern analysis using RNA derived from many tissues in
both mouse and human showed expression only in testes of
both species. In contrast, the closely related paralogue SLO1 is
widely expressed in many tissues (5–8). Expression of SLO3
channels in Xenopus oocytes showed that, like SLO1 channels,
they express high conductance K� channels, and their gating

also includes a component of voltage sensitivity. However, they
differ in several ways. Of greatest significance is their ion
dependence of gating. SLO1 channels are sensitive to changes
in intracellular Ca2� at physiological concentrations, whereas
SLO3 channels are not. On the other hand, SLO3 channels are
highly sensitive to intracellular pH and are activated by both
voltage and intracellular alkalinization (4). Because of its sensi-
tivity to both pH and voltage, SLO3 could be involved in sperm
capacitation and/or the acrosome reaction, which are essential
steps in fertilizationwhere changes in both intracellular pH and
membrane potential are known to occur (reviewed in Refs.
9–11). In comparing the primary structures of SLO3 channel
subunits among several mammalian species, we were struck by
their low sequence conservation relative to SLO1 channel sub-
units. It has been shown that genes that mediate sexual repro-
duction are more divergent than genes expressed in nonrepro-
ductive tissues (1–3). This rapid evolution occurs both in
unicellular organisms such as diatoms with little or no premat-
ing barriers and in mammals with complex mating behavior
(12). Recently another gene encoding an ion channel whose
expression is limited tomale testes has also been shown to have
unusually low sequence conservation among mammals. This
gene, Catsper, is also apparently involved in the physiology of
fertilization (13, 14).
The SLO3 channel gene has previously only been cloned and

functionally expressed from mouse (4). Here we report the
cloning and functional expression of the SLO3 gene from the
bovine species (bSLO3)2 and show that functional differences
between it and its mouse orthologue (mSLO3) map to a region
in RCK1 with particularly low conservation.

MATERIALS AND METHODS

Cloning—bSLO3was cloned by reverse transcription-PCRof
bovine testes total RNA (obtained from Biochain). First strand
cDNA was made using Powerscript reverse transcriptase
(Clontech) and random hexamers. Specific primers were made
to the predicted bovine sequence and used to amplify bSLO3 in
convenient-sized pieces from the first strand cDNA with a
Clontech Advantage-HF 2 PCR kit as well as with New England
Biolabs Phusion high fidelityDNApolymerase. The pieceswere
ligated into our pOX oocyte expression vector to make a com-
plete construct. The mSLO3 construct used is described (4).
Chimeras—The above-described bSLO3 construct and the

mSLO3 construct described by Schreiber (4) were used tomake
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chimeric constructs. Chimeric pieces were made either by PCR
amplification or by a two-step overlap extension/PCR amplifi-
cation (New England Biolabs Phusion polymerase) and then
subcloned into convenient restriction sites in either the bSLO3
or the mSLO3 construct. The final chimeric amino acid
sequences of the constructs, expressed as residue numbers
from the protein sequences shown in Fig. 1, are as follows: 1) for
Chim1: bSLO3, Met1–Asn168; mSLO3, Ser172–Lys455; and
bSLO3, Ala453–His1141; 2) for Chim2: bSLO3, Met1–Asn168;
mSLO3, Ser172–Lys862; and bSLO3, Arg848–Hsi1141; 3) for
Chim3: mSLO3, Met1–Lys455; bSLO3, Ala453–Val631; and
mSLO3, Met636–Lys1121; 4) for mSLO3-A: mSLO3, Met1–
Lys455; bSLO3, Ala453–Ile470; and mSLO3, Cys474; 5) for
mSLO3-B: mSLO3, Met1–Thr497; bSLO3, Ser495–Cys515; and
mSLO3, Asn519–Lys1121; and 6) for mSLO3-C: mSLO3, Met1–
Asp533; bSLO3, Phe531–His548; andmSLO3, Lys552–Lys1121. To
create mSLO3-Ba and mSLO3-Bb, mSLO3 residues were
replaced by the corresponding residues present in bSLO3 (see
Fig. 5C) using the methods described above.
Core and Tail Constructs—Core and tail constructs were

made by PCR amplification (New England Biolabs Phusion po-
lymerase) of the areas of interest and subcloned into pOX. The
amino acid sequences of the constructs, expressed as residue
numbers from the protein sequences shown in Fig. 1, are as
follows: bSLO3 core, bSLO3 Met1–Arg633; bSLO3 tail, bSLO3
Met632–His1141; mSlo3 core, mSLO3 Met1–Met636; and
mSLO3 tail, and mSLO3 Met636–Lys1121.
Defolliculated Oocytes—Defolliculated oocytes were injected

with 75 ng of cRNA from SLO3 using a Drummond Scientific
nanoinjector (Broomall, PA). Injected oocytes were incubated
at 18 °C in ND96 medium (96 mM NaCl, 2 mM KCl, 1.8 mM

CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.5, with NaOH). The
oocytes were electrophysiologically analyzed 3–5 days after
injection. Two-microelectrode voltage clamp recordings were
obtained in ND96 plus 1 mM DIDS to block the endogenous
chloride conductances. For patch-clamp experiments, the
vitelline membranes were mechanically removed before
recording. Inside-out patches were analyzed while perfusing
the intracellular side of the membrane with a solution contain-
ing 140 mM potassium methanesulfonate, 30 mM KOH, 10 mM

HEPES. pH was adjusted to 9 (with KOH) or to 5 with meth-
anesulfonic acid. The pipette solution was 140 mM potassium
methanesulfonate, 20 mMKOH, 10mMHEPES, 2 mMMgCl2, 5
mM EGTA, pH 7. Pipette tip resistance ranged from 2 to 3
megaohms. The traces were acquired using an Axopatch 200A
(Molecular Devices, Palo Alto, CA), digitized at 10 kHz, and
filtered at 2 kHz. The data were analyzed using pClamp 9
(Molecular Devices), SigmaPlot 8 (Jandel Scientific, Corte
Madera, CA), or Origin 6.0 (Microcal Software, Northampton,
MA).Drugs and pharmacological agents used in this studywere
purchased from Sigma. The conductance-voltage (G-V) rela-
tionships of the wild type and mutant channels were obtained

by converting the current values at steady state to conductances
using the equationG� I/(Vm � Erev), where I is the K� current
at steady state, Vm is the test pulse potential, and Erev is the
estimated reversal potential. The G-V curves were fitted with
the Boltzmann equation, G � Gmin � [(Gmax � Gmin)/(1 �
e(�(V � V1⁄2)/k))], where V1⁄2 is the voltage for the channel at
half-activation, k � RT/zF, z is the number of equivalent gating
charges, and F, R, and T have their usual meanings.

RESULTS

Low Interspecies Conservation for Bovine and Mouse SLO3
Channels Relative to SLO1 Channels—Fig. 1 and supplemental
Fig. S1 show the primary structure of both SLO3 and SLO1 �
subunits and show a comparative alignment in two species,
bovine and mouse. The comparative alignments show that the
SLO3 orthologues are far less conserved between these two
species than are the SLO1 orthologues. SLO3 orthologues are
only 62.1% identical in their amino acid sequence, whereas
SLO1 orthologues are 99.4% identical. supplemental Table S1
shows that the relative low conservation of SLO3 channels is
consistent among six species examined: bovine,mouse, human,
canine, pig, and opossum. Within these species SLO3 pairwise
identities range from 51.9 to 73.7%, whereas SLO1 identities
range from 89.9 to 99.8%. This conspicuous difference in con-
servation is especially notable when considering that both
SLO3 and SLO1 channel subunits are highly homologous, co-
linear, and similar in size. Both are also similarly unique with
respect to all other voltage-gated K� channels in having an
extracellular N terminus, which requires an extra membrane-
spanning segment (labeled S0 in Fig. 1 and supplemental Fig.
S1). These unique similarities suggest that SLO3 and SLO1
form a distinctive subfamily of potassium channels. (Note that
the SLO2 paralogue lacks the S0 membrane-spanning domain
and is somewhat more distant.)
A comparison of Fig. 1 and supplemental Fig. S1 shows that

the functional regions (defined as the membrane-spanning
domains S0 through S6) and the RCK1 and RCK2 regions have
much less interspecies conservation in SLO3 than in SLO1;
rapid evolutionary divergence is clearly taking place within
these regions in SLO3 channels relative to SLO1 channels.
Because these regions are known to determine and control the
biophysical properties of channels belonging to the SLO family,
it is likely that some of these evolutionary changes reflect
changes in biophysical properties between the bovine and
mouse orthologues. To investigate this possibility, we under-
took a comparative study of the basic biophysical properties of
bovine and mouse channels, with the intention of physically
mapping any functional differences to the evolutionarily
diverged structural domains.
Differences in the Biophysical Properties of bSLO3 and

mSLO3 Channels—Fig. 2A shows a comparison of whole cell
currents carried by bSLO3 and mSLO3 channels heterolo-

FIGURE 1. Interspecies (bovine-mouse) alignment of the amino acid sequences of SLO3 channel paralogues. Identical residues are shaded. A
comparison of Fig. 1 and supplemental Fig. S1 reveals that SLO3 paralogues are highly divergent (62.1% identity) relative to SLO1 paralogues (98.2% identity) in the
same species, suggesting a more rapid rate of evolution. Unusually rapid evolutionary change is characteristic of genes involved in sexual reproduction and especially
in male reproduction. Hydrophobic segments surrounding the pore region are designated S0–S6. The limits of the bSLO3 sequence incorporated into chimera 3 are
indicated by filled blue circles. The mSLO3-A, mSLO3-B, and mSLO3-C chimeric regions are indicated by red bars designated A, B, and C, respectively (see text). SLO3 and
SLO1 channels have similar voltage sensors (underline S4) (15). The “calcium bowl” Ca2�-sensing site (16) present in SLO1 is not present in SLO3.
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gously expressed in Xenopus oocytes. In the whole cell config-
uration, both bSLO3 currents and mSLO3 currents resemble a
voltage-dependent delayed rectifier, showing little or no inac-
tivation. One obvious difference between the two is that bSLO3
currents have a faster rate of rise in response to depolarizing
voltage clamp step pulses than mSLO3 currents. This property
is further discussed below. Another major difference between
bSLO3 andmSLO3 currents is their voltage range of activation;
Fig. 2B shows that bSLO3 activation is significantly more neg-
ative relative to mSLO3. bSLO3 currents are obvious at �60
mV, whereas mSLO3 current activation is not obvious until
approximately �20 mV. The V1⁄2 of activation for bSLO3 cur-
rents is approximately �0.5 mV, which is considerably more
negative than the half-activation voltage we estimate for
mSLO3 of approximately �77 mV. (Schreiber et al. (4) esti-
mated a V1⁄2 of �70 mV.) bSLO3 channels have unusually weak
voltage dependence. Fitting the bSLO3 current-voltage relation
with a Boltzmann function shows a slope factor of 31.7 mV for

an e-fold change in conductance
indicating a minimum equivalent
gating charge of �0.8 e. This con-
trasts with the somewhat greater
apparent voltage sensitivity of
mSLO3, which we estimate has a
minimum equivalent gating charge
of �1.2 e. Such weak voltage sensi-
tivity and left-shifted current-volt-
age relation for bSLO3predict that a
significant number of channels will
be open throughout the physiologi-
cally relevant voltage range in
sperm, including the resting poten-
tial. Because spermatozoa have a
very high input resistance, the open-
ing of only a few high conductance
K� channels such as SLO3 could
have a profound impact on the rest-
ing potential and excitable proper-
ties of the cell.
The third difference noted be-

tween these two channels is their
difference in selectivity for K� over
Na�. bSLO3 channels have a
pK/pNa of �17 (Fig. 2C). Although
this K� selectivity over Na� is
somewhat low relative to many
other types of K� channels, it never-
theless is significantly higher than
that ofmSLO3channels, whichhave
unusually low selectivity for K� over
Na�; we measured pK/pNa to be
�10 in the current study. (Schreiber
et al. (4) reported a PK/PNa of �5
for mSLO3 channels.) The higher
K� selectivity of bSLO3 channels
would allow them to contribute
more to the hyperpolarization of
the sperm plasma membrane. On

the other hand, the reversal potential of mSLO3 channels
would be more affected by the extracellular environment that
sperm encounter on their journey to the egg. In high external
Na� environments, mSLO3 channels may have a depolarizing
influence on the mouse sperm membrane potential. A fourth
difference noted between bSLO3 and mSLO3 channels is their
pH sensitivity, with bSLO3 showing somewhat less sensitivity
to pH than mSLO3. Data relating to their pH sensitivity will be
shown and discussed in Fig. 6.
Similarities in the Biophysical Properties of bSLO3 and

mSLO3 Channels—LikemSLO3 channels, bSLO3 channels are
high conductance channels with very brief mean open times.
Fig. 3 shows an inside-out patch containing bSLO3 with a con-
ductance of 83 pS (84 � 1.5 pS was the conductance measured
in seven patches) in 140 mM symmetrical K�. mSLO3 channels
have been reported to have a similar single channel conduct-
ance (77 pS) in symmetric 140 mM K� (20). The mean open
time values of bSLO3 channels vary from0.18� 0.02ms at�60

FIGURE 2. bSLO3 channels activate at more negative potentials than mSLO3 channels and are less
voltage-dependent. A, families of whole cell currents from bSLO3 and mSLO3 channels expressed in Xenopus
oocytes evoked by voltage steps from �90 to �100 mV in 10-mV steps at Vh � �70 mV. B, G-V relationships for
bSLO3 and mSLO3 currents. bSLO3 channels activate at more negative potentials, and the currents have a
more shallow conductance-voltage relation than mSLO3. Note that there is significant bSLO3 conductance at
�100 mV. The data were fitted with the Boltzmann equation (see “Materials and Methods”) with V1⁄2 � 0.49 �
2.1 mV, k � 31.7 � 2.2 (n � 21) for bSLO3; and V1⁄2 � 77.1.6 � 4.9, k � 21.2 � 1.01 for mSLO3 (n � 9). C, reversal
potentials (Erev) plotted at different external K� concentrations to illustrate the relative selectivity for K� over
Na� for bSLO3 and mSLO3 channels. Reversal potentials were obtained by measuring tail currents at different
[K�]o. [Na�]o was also varied so that the total concentration of monovalent cations was 98 mM. The data were
fitted with the Goldman-Hodgkin-Katz equation, Erev � RT/F*ln([K�]o � P*([Na�]o))/([K�]i � P*[Na�]i), where P
is the Na�/K� permeability ratio and varied freely. For bSLO3 reversal potentials were obtained at 2, 5, 10, 20,
50, and 97 mM [K�]o (n � 12, 8, 6, 7, 9, and 4, respectively), and the calculated pNa�/pK� was 0.05. For mSLO3
reversal potentials were obtained at 2, 10, 20, 50, and 97 mM [K�]o (n � 8, 8, 2, 6, and 4, respectively), which
yielded a pNa�/pK�of 0.1. Fits were performed using Sigmaplot (Jandel). Another indication that bSLO3 had
higher selectivity for K� over Na� was the fact that the resting potentials of eggs injected with bSLO3 were
more negative, e.g. �63.6 � 2.1 mV (n � 16) versus �34.4 � 2.7 mV (n � 9) for eggs injected with mSLO3.
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mV to 0.38 � 0.07ms at �50mV at pHi 9 (n � 4). As predicted
from the very shallow slope of its current-voltage relation,
bSLO3 single channel openings are obvious throughout a wide
voltage range, including negative voltages (Fig. 3).
Mapping the Functional Domain Responsible for theNegative

Voltage Range of Activation in bSLO3 Relative to mSLO3—A
striking difference in biophysical properties between bSLO3
and mSLO3 was the negative voltage range of bSLO3 current
activation relative to mSLO3. Because there were so many dif-
ferences in sequence between bSLO3 and mSLO3, we decided
to narrow down the relevant region by creating interspecies
(bovine and mouse) chimeric channel constructs involving
large regions of the � subunits and testing each for its voltage
range of activation. Our first approach in creating chimeric
channelswas to use a previously described technique (17–19) of
creating core and tail regions from bovine and mouse � sub-
units and co-expressing the two constructs encoded on sepa-
rate cRNAs. Note that we had previously used this technique to
analyze SLO1 channels and had shown that co-injection of both
core and tail cRNA intoXenopus oocytes produced SLO1 chan-
nels with functional properties indistinguishable from those of
the wild type (17, 18). Furthermore we showed that functional
channels can even be produced when co-expressing core and
tail constructs from SLO1 and SLO3 channels (18). Using this
approach we could mix and match the cores and tails from
different species and compare the results. Core constructs of
the � subunits were created for each of the two species begin-
ning at theN terminus includingmembrane-spanning domains
S0 through S6 and all of RCK1 and ending in the nonconserved
linker region that joins RCK1 and RCK2 (Fig. 4A). C-terminal
tail constructs were synthesized that began in the noncon-

served linker region and extended
through RCK2 to the C-terminal
end of the channel subunit.
Our primary objective in doing

the core and tail experiments was
to determine whether structural
domains in the tail region were a
major determinant of the voltage
range of activation. As a control we
undertook the co-expression of
mouse SLO3 core withmouse SLO3
tail. As expected, the currents pro-
duced in this experiment were
indistinguishable from wild type
mSLO3 currents (data not shown).
In the next experiments we co-ex-
pressed the mouse tail with the
bovine core to see whether the
mouse tail region would cause a
right shifted voltage range of activa-
tion when combined with the
bovine core region. However, the
currents in these experiments were
virtually indistinguishable from
wild type bovine (bSLO3) currents
(Fig. 4A) in having a left-shifted
voltage range of activation typical of

bSLO3 and unlike mSLO3. These experiments suggested that
the tail region, which contained the entire RCK2 domain, could
be ruled out as the major determinant of the voltage range of
activation.
To explore the importance of regions located in the core

domain, three chimeras where then constructed to subdivide
the core region between bSLO3 and mSLO3 (chimeras 1–3).
These constructs are shown diagrammatically in Figs. 4 and 5.
Experimentswere then undertaken to analyze the voltage range
of activation produced by each chimeric construct. Chimera 1
is a bSLO3-based chimera containing the region of mSLO3
extending from S3 to the middle of RCK1. When tested, these
channels also had properties similar to wild type bSLO3 chan-
nels in that their voltage range of activation was left-shifted
(Fig. 4B). This result suggested that the structural region
responsible for the bSLO3 left-shifted voltage range of activa-
tion might be located outside of the S3 to mid-RCK1 region.
Chimera 2 was used to assay the region to the right of the chi-
mera 1 mSLO3-bSLO3 join point located in the middle of
RCK1 because the mSLO3 insert had a common upstream ori-
gin with chimera 1 but extended through the entire RCK1
region (Fig. 4C, diagram). Chimera 2 channels, unlike chimera
1, expressed a current that had a more depolarized voltage
range of activation and resulted in shifting theV1⁄2 of�40mV to
the right of wild type bSLO3 (see Fig. 4 legend). This repre-
sented a significant shift of theG-V curve toward the activation
range of wild type mSLO3. The results of this experiment
focused our attention on the distal half of RCK1 as being
responsible for controlling the voltage range of activation in
these SLO3 channel. This was because the influence of the
RCK2 domain had been already ruled out by the results of the

FIGURE 3. bSLO3 channels are high conductance K� channels and are active over a wide voltage range.
A, analysis of single channel openings in inside-out patches showed channel openings over a broad voltage
range (shown from �80 to �50 mV). This is consistent with our whole cell measurements of the bSLO3
conductance-voltage relation showing activity over a broad voltage range (Fig. 2). B, a plot of single channel
amplitudes at different voltages yielded a bSLO3 channel conductance of 83 pS in symmetrical 140 mM K�.
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bSLO3 core-mSLO3 tail co-expression experiment shown in
Fig. 4A, which produced currents with aG-V relation similar to
wild type bSLO3 but included RCK2 in the mSLO3 tail. Thus,
we narrowed down the critical region of the channel involved in
determining the left-shifted voltage range of activation to the
distal half of the RCK1 domain (Fig. 4, diagram, gray shading).
To test whether this bSLO3 region alone was both necessary
and sufficient to confer the left-shifted voltage range of activa-

tion, we created chimera 3, which
was based on mSLO3 but contained
the distal half of RCK1 from bSLO3
(diagram at top of Fig. 5). If our
assumptions were correct, chimera
3, which contained mostly mSLO3
sequence except for the distal half of
RCK1, should have a left-shifted
G-V relation characteristic of wild
type bSLO3. Fig. 5A shows the
results of chimera 3 expression.
Currents expressed by chimera 3
were indeed shifted almost entirely
into the wild type bSLO3 voltage
range, having a V1⁄2 of activation of
�8.84 � 1.98 mV (n � 11) to
�0.49 � 2.1 mV (n � 21) seen for
bSLO3.
We next attempted to subdivide

the distal half of the RCK1 region of
bSLO3 to narrow down the region
containing critical amino acid dif-
ferences between bSLO3 and
mSLO3 in this region, which might
account for the shift in voltage range
of activation. A comparison of
amino acid sequence conservation
in this region showed several areas
of low conservation (Fig. 1). Three
of these subregions (red bars A–C in
Fig. 1) were chosen for analysis by
creating three separate subunit con-
structs, mSLO3-A, mSLO3-B, and
mSLO3-C by site-directed muta-
genesis. Each of these three subunit
constructs was identical to wild type
mSLO3 except for the incorpora-
tion of bSLO3 residue substitutions
from subregion A, B, or C. The
results of functional expression
of mSLO3-A, mSLO3-B, and
mSLO3-C are shown in Fig. 5B. Of
these three subregions of RCK1,
subregion B clearly had the greatest
effect in left shifting the voltage
range of channel activation; chi-
mera mSLO3-B had a V1⁄2 of 16.2 �
1.42mV (n� 19), which was closest
to the V1⁄2 of 0.49 � 2.1 mV (n � 21)
of wild type bSLO3 and far left-

shifted from wild type mSLO3 (V1⁄2 of 77.1. � 4.9 (n � 9)). The
incorporation of subregions A and C had much smaller effects
(Fig. 5B).
Finally, we subdivided subregion B further to explore

whether the amino acid residues determining the voltage range
of activationwithin this regionwere distributed over the region,
clustered, or even limited to a single residue (Fig. 5C). Thus,
using the mSLO3 template, we incorporated four of the

FIGURE 4. The RCK1 region is important in determining the voltage range of activation of SLO3 channels.
G-V curves from wild type bSLO3 and mSLO3 are compared with G-V curves for the following experimental
constructs: A, co-expression of the bSLO3 core and mSLO3 tail. The G-V relation for this core and tail co-
expression closely resembled that of wild type bSLO3 even though the tail containing RCK2 was from mSLO3.
B, chimera 1 expression (bSLO3-based chimera containing the region of mSLO3 extending from S3 to the
middle of RCK1) The G-V relation for this chimera also closely resembled that of wild type bSLO3. C, chimera 2
expression (same mSLO3 origin as chimera 1 but mSLO3 sequence extended through the entire RCK1 region).
The G-V relation for this chimera was significantly shifted to more positive voltages. Each curve was fitted with
a Boltzmann equation giving V1⁄2 values of �13 � 3.8 mV (bSLO3 core-mSLO3 tail (n � 11)), �11.25 � 4.8 mV
(chimera 1 (n � 8)), and �44.0 � 7.9 mV (chimera 2 (n � 11)) and k values of 29.9 � 2.9, 29.4 � 3.4, and 27.2 �
2.4, respectively (means � S.E.).
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upstream residues of bovine subregion B to create mSLO3-Ba
and three of the downstream bovine subregion B residues to
create mSLO3-Bb (Fig. 5C). An analysis of the voltage range of
activation of each of the constructs suggested that the amino
acid residues determining this property were distributed over
the region. Thus, whereas the entire subregion B from bovine
incorporated intomSLO3 had aV1⁄2 of 16.2� 1.4mV compared
with that of WT mSLO3 (V1⁄2 of 77.1 � 4.9 mV), both
mSLO3-Ba and mSLO3-Bb were intermediate, with of V1⁄2 val-
ues of 42.4 � 4.7 mV (n � 7) and 28.8 � 1.5 mV (n � 8),
respectively. Although mSLO3-Bb had a significantly larger

effect on left shifting the voltage range of activation, it appears
that several amino acid residues distributed across subregion B
have significant effects on the voltage range of activation.
An additional functional property that differs between cur-

rents produced by bSLO3 and mSLO3 channels is their sensi-
tivity to pH. When subjected to a rise in the intracellular pH
induced by the application of NH4Cl to alkalinize the intracel-
lular medium, currents from both channels increase in ampli-
tude (Fig. 6) (4, 20). However, mSLO3 currents exhibit a some-
what larger relative increase than bSLO3 currents (Fig. 6
legend).Wewondered whether this difference in pH sensitivity

FIGURE 5. A small region in the distal part of the RCK1 domain has the most dramatic effect in changing the voltage range of activation of mSLO3
channels. A, G-V curve obtained from expression of chimera 3 compared with wild type G-V curves shows a G-V relation substantially shifted to negative values.
Chimera 3 is a mSLO3-based construct containing only the distal half of RCK1 from bSLO3. Boltzmann fit of the chimera 3 G-V curve gave V1⁄2 and k values of
�8.9 � 1.98 mV and 23.97 � 1.3 (n � 11), respectively. B, the small bSLO3 sequence in chimera 3 was subdivided and incorporated into three constructs,
mSLO-A, mSLO3-B, and mSLO3-C. G-V relationships are shown for mSLO-A, mSLO3-B, and mSLO3-C chimeras. Their respective V1⁄2 parameters are 47 � 3.15,
16.2 � 1.42, and 56.1 � 2.3 mV, and their respective k parameters are 23.5 � 1.73, 26.5 � 0.98, and 23.6 � 0.91 (n � 12, 19, and 11) (means � S.E.). The mSLO3-B
G-V curve substantially resembled that of wild type bSLO3 with regard to its voltage parameters. C, subregion B was further subdivided. Using the mSLO3 wild
type template, we incorporated four of the upstream residues of bovine subregion B to create mSLO3-Ba and three of the downstream bovine subregion B
residues to create mSLO3-Bb. The respective V1⁄2 values of activation of these constructs are 42.4 � 4.7 and 28.8 � 1.5 mV, and the respective k values are 34.1 �
2.5 and 30.2 � 1.2 for mSLO3-Ba (n � 7) and mSLO3-Bb (n � 8). The sequence at the bottom shows the sequence of mSLO3 where two histidine residues have
been replaced by the corresponding residues present in bSLO3. As shown in Fig. 6, the replacement of the histidine residues had no effect on the pH sensitivity
of mSLO3 channels.
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might be due to the fact that two histidine residues are conspic-
uously present in subregion B of mSLO3, whereas only one
histidine residue is present in subregion B of bSLO3 (Fig. 5C,
green asterisks; note also that the single His residue in bSLO3 is
not in register with either of the two His residues present in
mSLO3). To investigate this question, we replaced both of the
histidine residues present in mSLO3 with the corresponding
residues present in bSLO3 (glutamate and leucine) and tested
currents produced by this construct for its pH sensitivity. The
results of this experiment were negative; the replacement of
both histidine residues in themSLO3 subregionB sequence had
no significant effect on the pH sensitivity of the channel (Fig. 6).
Thus, althoughwe cannot say definitively what the relationship
is between pH sensitivity and voltage range of activation (or
activation kinetics), it seems unlikely that the two histidine res-
idues present in the mSLO3 subregion B area are central to the
pH sensor.

RCK1 Subregion B Also Influences SLO3 Current Activation
Kinetics—Another notable difference between wild type
bSLO3 and mSLO3 channels is their difference in activation
kinetics. bSLO3 currents activate faster and at more negative
potentials thanmSLO3 currents (Fig. 7A, bSLO3wt andmSLO3
wt). To quantify macroscopic activation rates, we fitted a single
exponential function to the first 22ms of the activating currents
at different voltages and plotted �act versus voltage (Fig. 7B).
bSLO3 currents showed faster activation thanmSLO3 currents
at all voltages studied. Furthermore bSLO3 currents showed
less voltage sensitivity in their rates of activation, in contrast to
mSLO3 currents, which activate more rapidly at more positive
voltages. Remarkably, we also found that chimera mSLO3-B,
which is identical in amino acid sequence to wild type mSLO3
except for the small RCK1 subregion B from bSLO3, had cur-
rent activation rates highly similar to those of wild type bSLO3
(Fig. 7). Additionally, mSLO3-B shows similar voltage depend-
ence of activation rates to bSLO3 (Fig. 7B). This was unlike the
currents produced by chimera mSLO3-A or mSLO3-C, which
had activation rates and kinetic properties with greater similar-
ity to wild type mSLO3 currents (data not shown).
Finally, we analyzed the kinetics of mSLO3-Ba and mSLO3-

Bb, which subdivided subregion B (Fig. 5C), to explore whether
the amino acid residues determining the kinetics of activation
could be narrowed to yet a smaller region. An analysis of the
kinetics of mSLO3-Ba andmSLO3-Bb showed that the kinetics
of mSLO3-Bb channels were remarkably similar to those of
wild type bSLO3, whereas mSLO3-Ba channels behaved more
like wild type mSLO3. Again, this illustrated the large changes
in channel behavior conferred by small structural changes in
the subregion B area.
Where Is Subregion B?—A prior alignment analysis of the

amino acid sequences of RCK (regulator of K� conductance)
domains produced an alignment of RCK1 domains from both
eukaryotic (SLO1) and prokaryotic potassium channels (21).

FIGURE 6. The removal of two histidine residues in mSLO3 subregion B
does not affect pH sensitivity of mSLO3 channels. The I-V relationships
are shown for: WT bSLO3 currents (top panel), WT mSLO3 currents (middle
panel), and mSLO3�2 His mutant currents (bottom panel) in control con-
ditions (filled symbols) and in the presence of 20 mM NH4Cl to alkalinize the
intracellular medium (open symbols). The increases in the normalized cur-
rent produced by intracellular alkalinization with NH4Cl measured at the
value of the V1⁄2 of activation for each channel were 0.30 � 0.009 to 0.36 �
0.02 for WT bSLO3 (n � 7) at 0 mV, 0.8 � 0.008 to 1.6 � 0.14 at �70 mV for
WT mSLO3 (n � 9), and 0.54 � 0.01 to 1.1 � 0.06 at �50 mV for the
mSLO3–2 His mutant (n � 9). Note that intracellular alkalinization has less
effect on WT bSLO3 than on WT mSLO3 channels, whereas the effect is
very similar for both the WT mSLO3 channel and the mSLO3 mutant chan-
nel lacking two histidines (mSLO3 �2 His).

FIGURE 7. A subdivision of Subregion B confers bSLO3 kinetics on mSLO3
currents. A, current traces comparing the kinetics of activation of bSLO3,
mSLO3, mSLO3-B chimera, and mSLO3-Bb chimera. The whole cell activation
kinetics of the mSLO-B chimera and the mSLO3-Bb mutant resemble those of
WT bSLO3. B, voltage dependence of the activation time constant (�act) of the
same channels as in A. The bSLO3 �act and the mSLO-B and mSLO3-Bb �act are
similarly voltage independent, only changing from �9 to 7 ms in the 0 to �80
voltage range, whereas mSLO3 �act is more voltage dependent, changing
from �22 ms at 0 mV to 15 ms at �80 mV. mSLO3-Ba has �act values similar to
mSLO3 but shows less voltage dependence with �act values ranging from 15
to 14 ms in the same voltage range.
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Because the sequence of SLO3 potassium channels is co-linear
and conserved with that of SLO1 potassium channels, we were
able to add the SLO3 RCK1 domain to that alignment (Fig. 8).
This alignment revealed that subregion B is a loop between the
�G helix and the �G strand of the RCK1 domain and serves to
link the �G helix of the intermediate subdomain to the C-ter-
minal subdomain. Remarkably, it is this loop region that con-
tains the greatest sequence and length polymorphisms among
RCK1 domains of many species, as shown by the RCK1
sequence alignment of Jiang et al. (21). This region also has
unusually low sequence conservation in bovine and mouse
SLO3 channels (Figs. 1 and 8). Possible implications of this
finding are discussed below.
It should be mentioned that a reciprocal effect was not

observed when mSLO3 subregion B was introduced into
bSLO3. This reciprocal construct did not shift the voltage range
of activation from the bSLO3 range to more positive values
characteristic of mSLO3. It appears that, unlike mSLO3, there

are several regions in bSLO3 that strongly influence its voltage
range of activation. Even the large region frommSLO3 extend-
ing from S3 all the way through RCK2 and inserted into bSLO3
to form chimera 2 (Fig. 4C, diagram) only shifted the voltage
range of activation a little more than halfway into the positive
voltage range of mSLO3 (Fig. 4C, graph). Thus, the voltage
range of activation in bSLO3 channelsmay involve functions or
interactions of theN terminus through the S3 region, or even of
the extreme C terminus, which are relatively less important in
mSLO3 channels.

DISCUSSION

Here we report the cloning and expression of a SLO3 ortho-
logue from bovine species (bSLO3) and compare its sequence
and functional properties with that of the previously cloned
SLO3 channel from mouse (mSLO3). We found a significantly
low degree of conservation in both sequence and functional
properties in the SLO3 orthologues when compared with the
very high degree of conservation in SLO1 orthologues in the
same two species. This is despite the fact that SLO3 and SLO1
paralogues are highly homologous and co-linear. Despite their
similarity, SLO3 channels seem to be driven by evolutionary
pressures that radically differ from those influencing the evolu-
tion of SLO1 channels. Because SLO3 channels are only found
in Mammalia, whereas SLO1 channels are found even in
invertebrate phyla, it is reasonable to assume that SLO3
channels appeared relatively late in evolution, probably as a
result of duplication of the SLO1 gene followed by evolution-
ary differentiation.
The pattern of tissue distribution of these two proteins is also

very different. SLO3 is only found in testis and localized inmale
reproductive cells (4), whereas SLO1 is widespread and found
inmany tissues including neurons andmuscle. SLO1 appears to
be optimized for many different roles in many different organs.
Thus, its rate of change over time may be limited by its use in
multiple roles. On the other hand, the role of SLO3 may be
restricted to a reproductive function that requires continual
optimization as species evolve and/or conditions change. In
general, it is known that the spatial pattern of expression of a
gene is a major determinant of its evolutionary rate of change
(22, 23) because genes of different functional classesmay evolve
under different selective pressures. At one extreme, genes
involved in sex and reproduction evolve most rapidly (2, 24),
and this is particularly true for those expressed in the male
reproductive tract (25).
The differing functional properties of SLO3 channels from

bovine and mouse species may have important consequences for
thephysiologyof fertilization in these two species. Becauseof their
left-shifted range of activation, bSLO3 channels aremore likely to
contribute to the resting potential of bovine sperm. Also, the
higherK� selectivity of bSLO3channelswould allow themto con-
tributemore tohyperpolarizationof the spermplasmamembrane,
a factor that may be important in capacitation (9–11, 26). On the
other hand, mSLO3 channels that activate at more positive volt-
ages and have lower selectivity for K� appear less suited for a role
in capacitation. Recently, a pH-sensitive K� current was detected
in mouse sperm by direct voltage clamp recordings (27, 28) and
may be the native current carried bymSLO3 channels. Neverthe-

FIGURE 8. Physical location of Subregion B within RCK1. Alignment of the
amino acid sequences of the RCK1 domains of both eukaryotic (SLO3 and
SLO1) and prokaryotic potassium channels (MethK and A. aeo2TM) based on
the work of Jiang et al. (21) show the position of subregion B. Because the
sequence of SLO3 potassium channels is co-linear and conserved with that of
SLO1 potassium channels, we were able to add the SLO3 RCK1 domain to that
alignment. This alignment revealed that subregion B is a loop between the
�G helix and the �G strand of the RCK1 domain and serves to link the �G helix
of the intermediate subdomain to the C-terminal subdomain. This loop
region contains the greatest sequence and length polymorphisms among
RCK1 domains of many species, as shown by the RCK1 sequence alignment of
Ref. 21. This region also has unusually low sequence conservation in bovine
and mouse SLO3 channels (see Fig. 1A, as well as this figure). The arrow in the
three-dimensional molecular diagram indicates the loop position as based on
the crystal structure (21). The presence of RCK domains in SLO1 channels was
first reported by Jiang et al. (21), who inferred their presence in SLO1 channels
by their sequence homology to the RCK domains of MthK and other prokary-
otic ion channels. The presence of RCK domains in SLO3 channels is inferred
by the high amino acid sequence homology of the mSLO1 and mSLO3 para-
logues (4). Notably, the sequence identity between the putative RCK1
domains of SLO1 and SLO3 channels is much higher (�50%) than the
sequence identity between putative RCK1 domains of SLO1 and MthK chan-
nels (�20%), from which the presence of RCK domains in SLO1 family chan-
nels was originally inferred. A published study has also concluded that both
RCK1 and RCK2 domains are present in all SLO family channels, SLO1, SLO2,
and SLO3 (30).
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less, the physiological function of SLO3 channels remains
unknown and will probably require the physiological analysis of a
SLO3 gene knock-out mutant to be resolved.
In MthK channels the opening and closing of the gating ring

result from the movement of individual RCK subunits around
two hinge points of the flexible interface. One is at Ser230
between the N-terminal lobe and the intermediate subdomain.
The other one is at Thr261 within the loop between the inter-
mediate subdomain and the C-terminal subdomain (29).
Amazingly, an alignment of the amino acid sequence of the
SLO3 RCK1 domain with that of MthK shows that subregion B
corresponds to the same loop between the intermediate subdo-
main and the C-terminal subdomain (Fig. 8). Indeed, the align-
ment suggests that the distal end of subregion B may well con-
tain a hinge point analogous to MthK Thr261 (Fig. 8, red circled
residue). This loop region appears to be a major determinant of
channel function in that we found that very small structural
changes produce large changes in channel activation and kinet-
ics. It remains to be determined why channel function is so
sensitive to amino acid residue composition in this loop area
andwhat the critical factors are relative to, length, charge, bulk,
or other physical properties. Given this sensitivity to composi-
tion, it is tempting to speculate that the high degree of sequence
divergence seen in this RCK1 region in several potassium chan-
nel types and species (Fig. 8) represents an evolutionary adap-
tation of channel properties for a multitude of purposes.
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