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ABSTRACT: Because of its size, high levels of expression, and unusual detergent stability, the small K+

channel fromStreptomyces liVidans(SKC1) is considered to be an ideal candidate for detailed structural
analysis. In this paper, we have used planar lipid bilayers and radiotracer uptake experiments to study
purified and reconstituted SKC1, in an attempt to develop a bulk assay for its functional characterization.
In channels reconstituted into liposomes with external pH 3.5 and intravesicular pH 7.5, a time-dependent
SKC1-catalyzed86Rb+ uptake was observed. This cationic influx was blocked by Ba2+ ions with aKi

(external) of 0.4 mM and was shown to have the following selectivity sequence: K+ > Rb+ > NH4
+ .

Na+ > Li+. In experiments with external pH 7.5 or in liposomes containing no channels, no86Rb+ uptake
was detected. When SKC1 was incorporated into planar lipid bilayers, we failed to observe significant
single-channel activity at neutral pH but detected frequent multiple-channel openings a pH<5.0. These
results indicate that under these experimental conditions SKC1 behaves as a pH-gated K+ channel in
which protonation of one or more residues promotes channel opening. At acidic pH and symmetrical
200 mM KCl solutions, SKC1 showed numerous brief openings with a main single-channel conductance
of 135 pS and a subconductance state of 70 pS. Channel open probability showed a slight voltage
dependence, with higher activities observed at negative potentials, a fact which may suggest that the
protonation site lies within the transmembrane electrical field. Attempts to determine the pKa of channel
activation were obscured by intrinsic limitations of the86Rb+ flux assay. However, it appears to be
lower than pH 4.0. Limited proteolysis experiments demonstrated that SKC1 reconstitutes vectorially,
almost exclusively in the right-side-out configuration, indicating that the protonation site responsible for
channel opening is located at the extracellular face of the channel. These results point toward a potentially
novel gating mechanism for SKC1 and open the possibility of using transmembrane-driven radiotracer
influx experiments as a reliable bulk functional assay for reconstituted SKC1.

Potassium channels are integral membrane proteins that
catalyze K+ ion flow across the membrane with exquisite
selectivity and high efficiency. Their function has been
associated with such basic cellular mechanisms as the

regulation of electrical activity, signal transduction, and
osmotic balance. Structurally, K+ channels belong to the
voltage-dependent cationic channel superfamily (1, 2), which
include Na+ and Ca2+ channels as well as other K+ channels
not intrinsically voltage-dependent (i.e., the inward rectifier
channels). These types of proteins conform to a common
structural motif, involving multiple transmembrane (TM)
segments arranged as helical bundles (2, 3). These bundles
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form oligomeric structures by the association of subunits (as
in K+ channels) or homologous pseudosubunits (as in Na+

and Ca2+ channels) around an ion-conductive pathway.
Individual K+ channel subunits are thought to be arranged
in either two or six membrane-spanning segments, where
the last two TM segments flank one (in some cases two)
highly conserved loop known to play a key role in ion
permeation and selectivity.

Despite the impressive body of information obtained from
electrical measurements, it is clear that an understanding of
ion channel function at the molecular level requires the high-
resolution structure of an ion-selective channel. Some
progress has been made recently with the solution structure
of the inactivation particle of voltage-dependent K channels
by NMR methods (4) and the impending structure of the
Shakertetramerization domain using X-ray crystallography
(5). Still, the membrane-embedded segments of voltage-
dependent channels continue to be refractory to traditional
structural approaches. This is mainly due to their large size
and intrinsic complexity and to the lack of a reliable
biochemical preparation able to generate biochemical amounts
of purified material.

The recent identification and cloning of aStreptomyces
liVidansK+ channel (SKC1) (6) promises to offer a realistic
alternative for high-resolution structural studies in K+-
selective channels. This channel (SKC1) is only 160 residues
long and has two putative transmembrane segments and a
well-defined “P region”, reminiscent of that from other
eukaryotic K channels (64% identity with Shaker’s P loop).
Additionally, SKC can be expressed inEscherichia coliat
high levels and is easily purified by metal chelate chroma-
tography (6-8). Initial biochemical characterization showed
that SKC1 is tetrameric and extremely stable in detergent
solution (7, 8). Secondary structure analysis using circular
dichroism spectroscopy revealed that SKC1 is mostly helical,
with >55%R-helix and∼30% â-structures (7), consistent
with the notion that this class of proteins is arranged as a
bundle of transmembrane helices.

An important requirement in the biochemical and structural
characterization of ion channels is the establishment of a
reliable functional assay capable of reporting on the whole
population of molecules. Single-channel analysis can be
used to describe channel gating and permeation properties
with exquisite sensitivity and accuracy. Nonetheless, its use
in characterizing purified channel preparations is limited by
the very sensitivity that makes it so powerful for mechanistic
studies (in theory, meaningful single-channel analysis could
be obtained even when a fraction of the channels are
functional). Therefore, successful characterization of purified
channels requires both single-channel studies and bulk
functional assays in the form of specific toxin binding or
radiotracer flux measurements. However, although the
functional analysis of purified SKC1 in planar lipid bilayers
has shown that it behaves as a bona fide K+ channel (6),
efforts to generate functional evidence for apopulationof
channels have, until now, unexpectedly failed (7, 8). Among
the possible explanations for these results have been to
invoke special reconstitution conditions (lipid composition,
detergent), lack of required auxiliary subunits, or intrinsic
gating mechanisms. Thus, we have systematically searched
for conditions in which a SKC1-catalyzed86Rb+ uptake could

be detected as a way of developing a bulk assay for the
functional characterization of SKC1.
In this report, we show that SKC1 behaves as a proton-

activated K+ channel,increasingits open probability as the
extracellular pHdecreases. Proton activation was demon-
strated using vesicle86Rb+ uptake assays and single-channel
analysis of SKC1 incorporated into lipid bilayers. In vesicles
containing SKC1, the proton-induced permeability increase
is K+ selective and blocked by Ba2+ in the millimolar range.
Although two main conductance states were detected in
planar lipid bilayers (135 and 70 pS), the largest conductance
state was by far, the most commonly observed. Analysis of
SKC1 orientation in reconstituted vesicles indicated that the
protonation site responsible for channel activation is located
at the extracellular face of the channel, a result consistent
with data from86Rb+ uptake and single-channel experiments.
These results point toward a potential gating mechanism for
SKC1 and allow transmembrane-driven radiotracer influx
experiments to be used as a reliable bulk functional assay
for reconstituted SKC1.

EXPERIMENTAL METHODS

Materials. Phospholipids were obtained from Avanti Polar
Lipids (Birmingham, AL) Dowex 50-X8 was from Bio-Rad
(Redmond, CA).86RbCl was purchased from Dupont (New
England Nuclear). Talon Cobalt resin was from Clontech.
TEMPONE (22,66-tetramethylpiperodine-N-oxyl) was pur-
chased from Aldrich. Gramicidin D was a generous gift from
Dr. Gabor Szabo (University of Virginia). All other reagents
were of analytical grade.
SKC1 Purification and Reconstitution.Histidine-tagged

SKC1 was expressed and purified after sequential metal
chelate chromatography in a cobalt resin (Talon, Clontech)
and gel filtration chromatography on a Superdex 200 column
as previously described (7). Purified SKC1 in 200 mM
dodecyl maltoside and a K+-containing buffer (90-170 mM
KCl, 20 mM Tris buffer pH 7.6) was reconstituted into
preformed asolectin liposomes at lipid-to-protein ratios up
to 20000:1 (molar) by the dilution method (7), centrifuged
at 100000g, and resuspended in the same buffer at 1 mg/
mL final protein concentration. This procedure was repeated
twice before proceeding with the functional assays.

86Rb+ Flux Assays.K+ channel activity was measured
following the method of Garty et al. (9), with some
modifications. For each assay, 50-100µg of reconstituted
channel was used (in 100-µL aliquots). A large K+ gradient
was established just before the start of the experiment by
exchanging external K+ for choline through gel filtration
chromatography in Sephadex G-25 (1.5 mL final pooled
volume). In those vesicles containing open K+ channels, a
large diffusion potential, negative inside develops. This
transmembrane potential drives the accumulation of external
Rb+ into the vesicles.
Dowex 50-X8 was changed into the Tris form by

equilibration in 1 M Tris-HCl buffer pH 7.0. This was
followed by washing with several volumes of cold isosmolar
sucrose. Each assay was initiated by the addition of 20 nmol
of 86RbCl (∼4.7× 106 cpm) to the vesicle suspension. The
86Rb uptake was stopped by quickly loading a 100-µL aliquot
into a 1-mL Dowex column, and the vesicles were eluted
directly into scintillation vials with 1.5 mL of isosmolar

3230 Biochemistry, Vol. 37, No. 10, 1998 Accelerated Publications



sucrose, 20 mM PBS pH 7.6. Trapped86Rb+ was quantified
by scintillation counting.
Planar Lipid Bilayer Measurements.Planar lipid bilayers

were made according to the method of Muller et al. (10).
Bilayers were formed from a solution of 20 mg/mL phos-
pholipid in decane using either acetone/ether-purified asolec-
tin lipids (11) or a mixture of 1,2-dioleoyl-glycero-3-
phosphatidylethanolamine and 1,2-dioleoyl-glycero-3-phos-
phatidylserine (9:1). The lipid solution was painted on a
400-µm hole in a Teflon partition separating two 1-mL
compartments (cis and trans). These were electrically
connected to the recording system through Ag/AgCl elec-
trodes and agar bridges filled with 1 M KCl. The trans side
was referred to ground while the cis side was connected to
the bilayer amplifier. The current across the bilayer was
measured with a homemade low-noise current-to-voltage
converter, filtered at 1 kHz with a eight-pole low-pass Bessel
filter, digitized, and stored on video tapes for later analysis.
Bilayer formation was followed both optically and electri-
cally. Unless otherwise noted, single-channel recordings
were made on symmetrical KCl buffer solutions (200 mM
KCl, 5 mM of the appropriate buffer). After bilayer
formation, proteoliposomes containing the reconstituted
SKC1 were added to the trans side under constant stirring
to promote liposome fusion. Single-channel analysis was
performed with TRANSIT (12) and Origin (Northamptom
MA) software packages.
Quantification of Liposome Internal Volume.The internal

volume of SKC1-containing vesicles was obtained using the
spin-label broadening method according to Vistnes and
Puskin (13). We used the membrane permeant spin label
TEMPONE and chromium oxalate as a broadening agent.
Internal volume was expressed as the fraction of total volume
and was used to normalize the magnitude of the86Rb+

uptake.

Determination of SKC1 Vectoriality.SKC1 (10 µg),
reconstituted by the dilution method into asolectin liposomes,
was incubated for 2 h at room temperature with 5µg/mL
trypsin. The reaction was stopped by addition of protease
inhibitors (PMSF, 0.7 mg/mL and leupeptin, 25µg/mL) and
the sample run on 15% gels. For comparison, an identical
amount of channel, solubilized in 200µM dodecyl maltoside,
was subjected to the same treatment and run on the same
gel. The relative amounts of inside-out versus outside-out
channels can be calculated from the integrals of the individual
bands obtained after digitizing Comassie-stained gels.

RESULTS AND DISCUSSION

Proton-ActiVated 86Rb+ Fluxes in Reconstituted SKC1.
The physiology of prokaryotic organisms is based on the
establishment and maintenance of a proton electrochemical
gradient (∆µH+) across the plasma membrane (14, 15). In
Gram-positive bacteria (such asStreptomyces), the cell
membrane is surrounded by a thick peptidoglycan layer (16)
which contributes to generate a large unstirred layer. We
thus reasoned that since intracellular pH is normally regulated
around neutral values, the immediate extracellular environ-
ment of SKC1 is most likely acidic and that protons could
play a role in opening and closing the channel. Proton levels
can have dramatic effects on channel properties, from open-
channel blocking to direct effects on channel gating proper-
ties (17). In general, ion channels tend to be fairly insensitive
to external proton concentration but are inhibited by lowering
intracellular pH, as in the case of a number of inward rectifier
channels (18-20). Thus we chose to change external pH
for the initial flux experiments. Our experimental strategy

FIGURE 1: Time course of86Rb+ uptake dependency on extrave-
sicular pH. (A) Open circles, uptake at pH 3.5; filled circles, uptake
at pH 3.5 in the presence of 10 mM BaCl2 in both sides of the
membrane. (B) Open triangles, uptake at pH 7.0; filled circles,
uptake at pH 7.0 in the presence of 10 mM BaCl2 in both sides of
the membrane. Data are shown as mean( standard deviation
(n ) 3). The smooth curves are drawn by eye.

FIGURE 2: SKC1 ion selectivity and Ba2+ block. (A) Values for
the 86Rb+ uptake at 60 min were obtained after exchanging
extravesicular K+ for a number of permeant cations. Data are
presented as 1- (relative 86Rb+ uptake) to display relative ion
permeation. (B)86Rb+ uptake was measured after a 5-min incuba-
tion with a given Ba2+ concentration in the extravesicular solution.
Ba2+ was added after the establishment of a transmembrane
potential against LiCl. The smooth curve was drawn according to
the equationY ) (1 + [Ba2+]/Ki)-1, with Ki ) 0.4 mM.

Accelerated Publications Biochemistry, Vol. 37, No. 10, 19983231



to measure radiotracer accumulation into channel-containing
liposomes is based on the method of Garty et al. (9). In
this approach, the extent of86Rb+ accumulation is directly
proportional to both the open channel probability and its
ability to generate a transmembrane potential in the presence
of a K+ gradient. Notice that if the reconstituted channels
are nonselective, or reside in the closed configuration, no
transmembrane potential can be generated and thus no
radiotracer accumulation occurs.

86Rb+ uptake experiments were carried out in vesicles
containing 90 mM KCl buffered at pH 7.6 with PBS inside,
while the external solution was exchanged for isosmolar
choline chloride buffered at a chosen pH using citrate or
HEPES buffers. Figure 1 shows the result of an experiment
in which SKC1, reconstituted at a lipid-to-protein ratio of
5000:1 (molar) was incubated at either acidic or neutral
external pH prior to the initiation of the assay. In the
presence of extravesicular pH 3.5, we detected a large, time-
dependent increase in86Rb+ permeability (Figure 1A, open
circles), which was nearly abolished by the presence of 10
mM Ba2+ in both sides of the membrane (filled circles). If
the vesicles are incubated at external pH 7.6 (Figure 1B,
open triangles), the86Rb+ uptake is sharply reduced, and that
influx is still inhibited by Ba2+. Experiments in which the
pH gradient was reversed (pH 3.5 inside and 7.6 outside)
failed to show Ba2+-sensitive86Rb+ accumulation at any pH
(not shown), suggesting that these channels reconstitute
mostly in a preferred orientation.
The importance of these results cannot be overstated, since

they allow for the functional characterization of a whole
population of SKC1 channels under various conditions. They
also indicate that purified and reconstituted SKC1 is at least
selective against chloride, the only other likely permeant ion
present in the assay. Further characterization of SKC1
cationic selectivity and its blockage by external Ba2+ ions
was performed by comparing the relative extent of the
86Rb+ uptake under different biionic conditions. Figure 2A
shows the relative permeability of a number of monovalent
cations through SKC1. In this experiment, external choline
was substituted for a number of test cations and the86Rb+

uptake assayed at pH 4.0. As the accumulation of86Rb+

depends on the magnitude of the transmembrane potential
generated at each biionic condition, the lower the perme-
ability of the external cation, the larger the86Rb+ uptake.
Therefore, to present the data in terms of relative perme-
abilities, we have plotted 1- (relative uptake) for each of
the test cations. From the data in Figure 2A, the selectivity
series for SKC1 was found to be K+ > Rb+ > NH4

+ .
Na+ > Li+, which is identical to the selectivity series of a
number of different K+ channels (see ref17). Figure 2B
illustrates the effect of various external Ba2+ concentrations
upon86Rb+ uptake. There is a clear reduction in the amount
of captured86Rb+ after 30 min of incubation, and the
inhibition reaches up to 70% of the total uptake. When Ba2+

was present in both sides of the membrane, the inhibition of
the 86Rb+ uptake was less than 10% of the control value
(not shown). The continuous curve shows the fit to the data
using a binding isoterm with a singleKi of 0.4 mM.
Single-Channel Properties in Planar Lipid Bilayers.

Independent experiments were performed in planar lipid
bilayers to characterize SKC1 single-channel behavior at low
pH. Recordings were obtained in symmetrical 200 mM KCl

with 5 mM citrate buffer pH 4.0. Vesicles used for channel
incorporation contained SKC1 reconstituted at a 20000:1
lipid-to-protein ratio (molar). Figure 3A shows representa-
tive single-channel traces obtained at a range of potentials.
From these recordings, a single-channelI-V relation was
obtained for two conductance states (Figure 3A, bottom
panel), a large 135-pS opening displaying brief openings,
and a 70-pS opening with longer open times, the largest one
being by far the most populated state. Rarely, an additional
subconductance level of 30 pS was also observed. When
these experiments were repeated at pH 7.0, no single-channel
activity was present, even after repeated attempts. However,
in experiments with asymmetric pH levels (pHs 4.0 and 7.0),
single-channel activity was observed only when the acidic
pH was applied to the trans side of the bilayer, also
suggesting that SKC1 incorporates into the bilayer with a
preferred orientation. Previous analysis of SKC1 single-
channel currents by Schrempf et al. (6) also revealed a
multiconductance behavior with single-channel conductances
around 20, 40, and 90 pS under nonsymmetric conditions.
In contranst to our present observations, analysis of purified
and reconstituted SKC1 in planar bilayer indicated that the
40-pS subconductance was most frequently observed. How-
ever, as these studies were performed at neutral pH, there is
a distinct possibility that proton binding may be shifting the
relative occupancy of the individual subconductance states
toward the larger conductance.
The open probability of SKC1 showed considerable

voltage dependence, with higher single-channel activity at
negative potentials. This point is illustrated in Figure 3B,
where the activity from a multichannel bilayer in symmetrical
pH 4.0 solutions was sequentially recorded at+60 and-60
mV. At 60 mV, SKC1 opens with numerous brief apertures
and shows a low frequency of multiple simultaneous open-
ings, as expected given its low open probability. Compara-
tively, at-60 mV there is a noticeable increase in the open
probability and in the number of multiple openings (up to
four). Also, from the corresponding amplitude histograms,
it appears that the relative occupancy of the 70-pS subcon-
ductance state increases at positive potentials. It is unlikely
that this voltage-dependent behavior is the result of an
intrinsic voltage gating process, particularly in view of the
fact that there appear to be no charged residues within the
two putative transmembrane segments (6). However, if the
gating process depended on the protonation of a site located
within the transmembrane electrical field, a voltage-depend-
ent behavior would be expected due to changes in the local
proton concentration, particularly at extreme voltages. In
fact, placing this site toward the extracellular face of the
channel would render voltage dependencies consistent with
the observed experimental behavior (higher open probability
at negative potentials). A detailed analysis of this phenom-
enon is being currently pursued in our laboratory.
Under present experimental conditions, each single-chan-

nel opening is brief (<0.5 ms) and the absolute open
probabilities are small. Therefore, a detailed analysis of this
effects has not been carried out due to uncertainties in the
determination of the number of channels. However, an
indication of the open probabilities at these two potentials
can be obtained from the relative areas of the conducting
and nonconducting peaks of the amplitude histograms. These
values are proportional to the open probability weighted to
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the number of channels (NPo) and have been calculated to
be NPo ) 0.29 at 60 mV and NPo ) 0.51 at-60 mV, a
75% increase at the negative potential. This voltage effect
on open probability can also be seen from the current traces
in Figure 3A, particularly at+90 and-90 mV.
pH Dependence of SKC1 actiVity. Proton-gated channels

have been described in a number of preparations, including
plant guard cells (21), toad epithelial cells (22), and sensory
neurons (23), and their pH-dependent gating properties are
generally compatible with single-protonation reactions with
pKa for activation usually at pH∼6. Figure 4 shows the
pH dependence of SKC1 activation, studied from uptake
experiments and from single-channel measurements in planar
lipid bilayers. Using the same type of experiment as in
Figure 1, the maximum value of the86Rb+ uptake has been
plotted against a series of pHs ranging from pH 2.0 to 7.0
(Figure 4A). The86Rb+ uptake tends to increase as the pH
is lowered from neutral values, reaches a maximum around
pH 4.0, and then decreases sharply at lower pH values. This
type of behavior is not unusual in proteins (see ref24) and
would indicate that two protonation-deprotonation reactions
may be involved in the pH-dependent gating of SKC1. We
have analyzed these results according to a two-independent-
site model described by:

where cpm0 is the basal86Rb+ uptake at neutral pH, cpmmax
is the maximum86Rb+ uptake, andR andâ are the slope
constants of two independent protonation reactions with pKa1

and pKa2. There are two physical interpretations to this pH
dependence model. One possibility is that SKC1 is opened
by the protonation of one specific residue and closed by the
additional protonation of a second residue with a lower pKa.
This is the standard interpretation for the pH effects on
enzyme activity. The second possibility is that SKC1 is
opened by a simple one-site protonation reaction, but this
process is partially masked by a pH effect on the basal vesicle
permeability that reduces the transmembrane potential.
Given the absolute dependence of86Rb+ uptake on the
direction and magnitude of the transmembrane potential
generated during the assay, this effect would be highly
inhibitory.

The data from Figure 4A was fitted with eq 1 and plotted
as continuous line using the following values: pKa1) 3.56,
R ) 0.22, pKa2 ) 2.64,â ) 0.7, cpm0 ) 500, cpmmax )
26 755. Two points are worth noting about these values.
First, the pKa value for the inhibitory process (pKa1) is larger
than that for the protonation reaction that activates the
channel (pKa2). Second, the value of cpmmax is severalfold
greater than the largest uptake observed experimentally (at
pH 4.0), implying that we detect only a fraction of the total
uptake capacity of the system at lower pHs. Together, these
results suggest that the reduction in the values for86Rb+

uptake at pHs lower than 4.0 is the result of a measurement

FIGURE 3: Single-channel traces of SKC1 incorporated into planar lipid bilayers. (A) Traces obtained at a wide voltage range were used
to generate anI-V plot (lower panel). Two conductance states were observed with single-channel conductances of 140 and 70 pS. (B)
Apparent voltage dependence of SKC1 activation. Single-channel traces were recorded at+60 (top trace) or-60 mV (lower traces) under
symmetrical conditions in a solution containing 200 mM KCl and 20 mM citrate buffer pH 4.0. Each of the multiple opening levels
corresponding to the largest conductance value of SKC1 is labeled with a number. An open arrow tip points to a subconductance opening.
The closed state corresponds to level C. The lower two panels represent the all point histograms calculated from the above traces. Data
were fitted with a sum of Gaussian peaks defined by a midpoint (ø, in pA) and a standard deviation (σ, in pA). Parameters for the data at
-60 mV: ø1 ) 0, σ1 ) 0.58,ø2 ) -2.45,σ2 ) 5.07,ø3 ) -6.44,σ3 ) 1.04,ø4 ) -8.07,σ4 ) 8.12,ø5 ) -12.83, andσ5 ) 1.34.
Parameters for the data at 60 mV:ø1 ) -0.02,σ1 ) 0.48,ø2 ) 2.71,σ2 ) 3.89,ø3 ) 6.53, andσ3 ) 0.98.

cpm)

( 1

1+ e(- (pH- pKa1))/R) * (cpm0 +
cpmmax

1+ e(pH- pKa2)/â) (1)
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artifact, probably originated by an increase in the nonspecific
permeability of the vesicles at low pH.
This possibility was directly addressed by the experiment

in Figure 4B. Here, we have performed an identical pH
dependence experiment using gramicidin, a channel in which
the open probability is not reduced at low pH (25).
Gramicidin is also known to have a high proton permeability,
which will tend to affect the K+-generated diffusion potential,
particularly at low pH values. Clearly, these data shows a
sharp inhibition in the magnitude of86Rb+ uptake at lower
pHs, a fact that supports the notion that the reduction in the
86Rb+ uptake in the SKC1 experiments may be a consequence
of a measuring artifact. The data in Figure 4B were fitted
with a single protonation site model with pKa ) 3.1 andR
) 0.28, values that are remarkably similar to those obtained
from the fit to the data in Figure 4A.
Given the inability of the present uptake assay to report

accurately on fluxes at lower pHs, the actual value of the
pK for the proton activation of SKC1 cannot be determined
with certainty. However, it is clear that this value is well

below the experimentally obtained optimum of pH 4.0, and
it is probably close to pH 2.6, as determined from the fit of
eq 1 to the data. This value is lower than the pKas for the
protonation of free acidic amino acids (Asp, pKa ) 3.9; Glu,
pKa ) 4.3) suggesting that this particular protonation site
might be interacting with neighboring groups. Such pKa

shifts toward acidic values would be compatible with the
presence of a salt bridge (26). This type of interaction has
been recently confirmed in the inward rectifier channel family
of channels (27).
Figure 4C shows the single-channel behavior of SKC1

recorded at different pH values. These recordings were
obtained by holding the bilayer at-100 mV in symmetrical
200 mM K2SO4 with 20 mM citrate buffer (pHs 4.0, 4.5,
and 5.0) or MES buffer (pH 6.0). We found a large increase
in SKC1 single-channel activity as the pH of the solution
decreased but detected no apparent changes in its single-
channel conductance. Attempts to obtain reliable measure-
ments at pHs lower than 3.5 were unsuccessful due to low
bilayer stability. The weighted open probability (NPo),

FIGURE 4: pH dependence of SKC1 activation. (A) Data from86Rb+ uptake experiments where the extravesicular pH was changed at the
moment the K+ difussion potential was established. Uptake values after 30 min are reported. All experiments were performed with Na+ as
the external ion. Data are reported as mean( standard deviation (n) 4). The continuous line is drawn according to eq 1 with the following
parameters: pKa1) 3.56,R ) 0.22, pKa2) 2.64,â ) 0.7, cpm0 ) 500, and cpmmax) 26 755. (B) Identical experiment as in (A) but using
reconstituted gramicidin D (2× 10-5 M) and choline as the external ion. The smooth line was drawn according to the equationY )
cpmmax/(1 + exp(pKa - pH)/R), with pKa ) 3.1, cpmmax ) 1654, andR ) 0.28. (C) pH effect on single-channel properties of SKC1. Top:
consecutive single-channel traces obtained at pH 4.0, 4.5, 5.0, and 6.0 for a multichannel asolectin bilayer. Bottom panels: All point
histogram corresponding to each set of single-channel records. Data were fitted with multiple Gaussians and their relative areas used to
compute the NPo values for each pH: NPo ) 0.73 (pH 4.0), NPo ) 0.42 (pH4.5), NPo ) 0.11 (pH 5.0), and NPo ) 5 × 10-4 (pH 6.0).
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calculated from the relative areas of the conductive and
nonconductive peaks of the amplitude histogram were NPo

) 0.73 at pH 4.0, NPo ) 0.42 at pH 4.5, NPo ) 0.11 at pH
5.0, and NPo ) 5 × 10-4 at pH 6.0; a∼1500-fold factor
from pH 6.0 to pH 4.0. The general tendency of these NPo

values argues that the pKa for SKC1 activation may be lower
than 4.0, in agreement with the conclusions derived from
the 86Rb+ uptake experiments.
Vectoriality of Reconstituted SKC1.Results from86Rb+

uptake and planar lipid bilayer experiments have suggested
that SKC1 must reconstitute vectorially to account for the
data. We have further analyzed the apparent sideness of the
reconstitution of SKC1 by performing limited proteolysis
experiments on solubilized and reconstituted SKC1. Figure
5A shows the location of potential trypsin sites in relation
to a one-dimensional topological model of SKC1 based on
hydrophobicity analysis (7). In this model, both terminal
segments of SKC1 are located intracellularly, while the P
loop and limited portions of the two transmembrane segments
are exposed to the extracellular space. Clearly, the majority
of potential trypsin cleavage sites are located at the N- and
C-termini of the channel. This asymmetric susceptibility to
trypsin cleavage allows us to distinguish between inside-
out and right-side-out reconstituted channels, so that the
trypsin proteolytic pattern of reconstituted SKC1 can be used
to quantify the relative orientation of the channel in the
bilayer (Figure 5B). Figure 5C shows the results of a trypsin
proteolysis experiment on solubilized and reconstituted
SKC1. In detergent solution, a 2-h incubation of SKC1 with
trypsin at room temperature reduces the apparent size of the
tetrameric complex (64 kDa) and generates a number of
bands around 45 kDa. The size of the cleaved product

clearly indicates that trypsin is cutting the solubilized channel
near the C- and N-termini. The fact that we were able to
purify the trypsinized tetramer after incubation with 20µL
of cobalt-containing resin (not show) establishes the location
of the cleavage sites at the C-terminus. The same amount
of reconstituted SKC1 remains intact after 2 h of incubation
with trypsin. Under these conditions, SKC1 tetramer bands
run slightly higher and broader, probably due to the presence
of lipid in the sample. These results indicated that when
SKC1 is incorporated into asolectin vesicles from a DDM
solution, it reconstitutes almost exclusively in the outside-
out configuration (configuration 1 in Figure 5B). This
finding is in agreement with the results of the86Rb+ uptake
and the bilayer incorporation experiments and implies that
the protonation reaction responsible for SKC1 activation
occurs at the extracellular face of the channel.

CONCLUSIONS

The present results show very convincingly that the gating
mechanism of purified and reconstituted SKC1 is regulated
by the proton concentration in the extracellular face of the
channel. This regulation occurs in the form of a proton-
dependent increase in open probability without changes in
open channel behavior. Although it is quite possible that
this protonation effect may not be the SKC1 primary gating
mechanism, it might still play an important modulator role.
More importantly, these findings have opened the possibility
of using bulk assays, like radiotracer influx measurements,
to probe the functional behavior of purified SKC1 under a
wide range of conditions and to quickly assess the general
effects of site-directed mutants generated for site-directed
spin-labeling and other reporter group approaches. This type

FIGURE 5: Determination of SKC1 vectorial reconstitution from limited proteolysis experiments. (A) Predicted topology of SKC1 with the
location of potential trypsin cleavage sites (ovals). (B) Left panel: the two possible orientations of reconstituted SKC1 and their relative
susceptibilities to proteolysis. Right panel: time course of trypsin proteolysis for solubilized and reconstituted SKC1. Shown are control
conditions in the absence of trypsin (-), with trypsin and protease inhibitors (PI) and at 0.5-, 1-, and 2-h incubations at room temperature.
The filled arrow points to the intact channel (∼64 kDa); the open arrow to the main cleavage product (∼45 kDa).
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of assay will prove very useful for future biochemical
characterization of SKC1.
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