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From the ‡Instituto de Biologı́a Molecular y Celular, Universidad Miguel Hernández, Elche, 03202 Alicante, Spain
and the §Programa de Fisiologı́a y Biofı́sica, Instituto de Ciencias Biomédicas, Facultad de Medicina,
Universidad de Chile, Casilla 70005, Santiago 7, Chile

Different patterns of channel activity have beendetected by patch
clamping excisedmembrane patches from reconstituted giant lipo-
somes containing purified KcsA, a potassium channel from pro-
karyotes. The more frequent pattern has a characteristic low chan-
nel opening probability and exhibits many other features reported
for KcsA reconstituted into planar lipid bilayers, including a mod-
erate voltage dependence, blockadebyNa�, and a strict dependence
on acidic pH for channel opening. The predominant gating event in
this low channel opening probability pattern corresponds to the
positive coupling of two KcsA channels. However, other activity
patterns have been detected as well, which are characterized by a
high channel opening probability (HOPpatterns), positive coupling
of mostly five concerted channels, and profound changes in other
KcsA features, including a different voltage dependence, channel
opening at neutral pH, and lack of Na� blockade. The above func-
tional diversity occurs correlatively to the heterogeneous supramo-
lecular assembly of KcsA into clusters. Clustering of KcsA depends
on protein concentration and occurs both in detergent solution and
more markedly in reconstituted membranes, including giant lipo-
somes, where some of the clusters are large enough (up to microm-
eter size) to be observed by confocalmicroscopy. As in the allosteric
conformational spread responses observed in receptor clustering
(Bray,D. andDuke,T. (2004)Annu.Rev. Biophys. Biomol. Struct.33,
53–73) our tenet is that physical clustering of KcsA channels is
behind the observedmultiple coupled gating and diverse functional
responses.

During the last decades, the use of high resolution electrophysiologi-
cal techniques to study ion channels has provided a large amount of
information on functional aspects of these important membrane pro-
teins. Such a detailed information on channel function, however, has
not been accompanied by structural knowledge until recently, when
several structurally simpler homologues of mammalian ion channels
found in extremophyle bacteria or Archaea and remarkably resistant to
harsh experimental conditions, have been purified, crystallized and
their structure solved at high resolution by x-ray diffraction methods

(1–4). AK� channel from the soil bacteria Streptomyces lividans named
KcsA4 (1), a homotetramer made up of identical 160-amino acid sub-
units, was the first of such structures to be solved (5, 6), and, although
the x-ray structure corresponds to a closed channel conformation, it has
contributed much to our current understanding of ion selectivity and
permeation. Ironically, there was little or no functional information on
KcsA by the time its structure was solved, and then several groups
undertook the task of characterizing its single channel properties, which
has been surrounded by controversy. For instance, Schrempf’s group,
discoverers of KcsA in S. lividans, reported a strong dependence of
channel opening on acidic pH, multiple conductance states with open-
ing probabilities near 0.5, and unusual permeabilities toNa�, Li�, Ca2�,
or Mg2�, along with K� (7–9). In contrast, Miller’s group (10, 11) using
purified KcsA reconstituted into planar lipid bilayers found a single
conductance state with a much lower opening probability, as well as
orthodox ion selectivity and other properties to validate KcsA as a bona
fide K� channel and as a faithful structural model for these molecules.
The above discrepancies were never fully explained but, still, it became
generally accepted that KcsA behaves as a moderately voltage-depend-
ent, K�-selective channel with a characteristic low opening probability
and the peculiar property of opening only in response to very acidic pH
conditions at the intracellular side of the membrane. More recently,
however, it was found that KcsA opens also at neutral pH when sub-
jected to an outward K� gradient (12). Furthermore, it has been pro-
posed that a more “physiological” version of KcsA might correspond to
a supramolecular conductive complex in which the channel would co-
assemble with polyhydroxybutyrate and inorganic polyphosphates (13),
which are abundant reservoir materials in many prokaryotes.
In this report we have used excised membrane patches from recon-

stituted giant liposomes containing purified KcsA. Through the analysis
of a large number of patch clamp recordings we found a clearly diverse
functional behavior for the KcsA channel. Themore frequent pattern of
activity corresponds to the low opening probability and acidic pH-de-
pendent channel referred above, but other activity patterns have been
detected as well, which are characterized by a high channel opening
probability at both acidic and neutral pH. As an additional salient fea-
ture, the latter recordings show frequent coupled gating involving mul-
tiple channels. These observations are unprecedented, and we interpret
them based on the additional finding that heterogeneous “cluster”-like
supramolecular assemblies of KcsA are formed, intowhich the channels
adopt different, integrated behaviors.
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EXPERIMENTAL PROCEDURES

Constructs and Mutants—The wild-type KcsA construct contained
the kcsA gene of S. lividans cloned in-frame into the pQE30 vector
(Qiagen), which provided ampicillin resistance and a N-terminal hexa-
histidine tag (14). The KcsA S22C mutant was obtained (QuikChange
site-directed mutagenesis kit, Stratagene) by generating PCR fragments
using pairs of complementary mutant primers, sense primer 5�-CTC
GGG CGC CAC GGC TGT GCG CTG CAC TGG and antisense
primer 5�-CCA GTG CAG CGC ACA GCC GTG GCG CCC GAG.
The KcsA S22C mutant sequence was verified by dideoxy-nucleotide
sequencing.

Protein Expression and Purification—Expression of the wild-type
KcsA protein and the KcsA S22C mutant in Escherichia coli M15
(pRep4) cells, and its purification by affinity chromatography on a
nickel-nitrilotriacetic acid-agarose column, was carried out as
reported previously (14). The purified protein consisted primarily of
the characteristic SDS-resistant tetramer, which is accompanied by
monomeric KcsA as a minor component and in sufficiently loaded
SDS-PAGE gels, by higher molecular weight, SDS-resistant KcsA
multimers. All the above KcsA species were immunoreactive against
commercial anti-His tag monoclonal antibodies (see the inset to
Fig. 8A).
The expression yields and the SDS-PAGE profile of the KcsA S22C

mutant were very similar to those exhibited by the wild-type KcsA. The
protein concentration was determined by the DC-Protein colorimetric
assay (Bio-Rad), relative to a bovine serum albumin standard. When
expressed in molar terms, the protein concentration refers to KcsA
tetramers. 1–125 KcsA was prepared by chymotrypsin hydrolysis of
wild-type KcsA as described earlier (14).

Reconstitution of Proteins into Asolectin Lipid Vesicles and Prepa-
ration of Giant Liposomes—Batches of large unilamellar vesicles of
asolectin (soybean lipids, type II-S, Sigma) were prepared at 25
mg/ml as described earlier (15) in 10 mM Hepes, pH 7.0, 100 mM KCl
(reconstitution buffer) and stored in liquid N2. The purified DDM-
solubilized protein (wild-type KcsA, 1–125 KcsA, or fluorescently
labeled KcsA S22C derivatives, depending on the different experi-
ments) was mixed with the above asolectin vesicles previously res-
olubilized in 3 mM DDM. Reconstituted liposomes were formed by
removing the detergent by gel filtration (14). The protein-containing
reconstituted vesicles eluted in the void volume and were pooled,
centrifuged 30 min at 300,000 � g, resuspended at 1 mg of pro-
tein/ml in reconstitution buffer, divided into aliquots, and stored in
liquid N2.
Multilamellar giant liposomes (up to 50–100 �M in diameter) were

prepared by submitting a mixture of the reconstituted vesicles (usually
containing 50 �g of protein) and asolectin lipid vesicles (25 mg of total
lipids) to a cycle of partial dehydration/rehydration (15), with the excep-
tion that the dehydration solution used here was 10 mM Hepes (potas-
sium salt) buffer, pH 7, containing 5% ethylene glycol and the rehydra-
tion solution was 10 mM Hepes (potassium salt) buffer, pH 7. As a
control, each of the different batches of asolectin vesicles was also
used to prepare protein-free giant liposomes. Those liposome
batches, posing difficulties to obtain high resistance seals (see below)
or showing erratic baselines in the patch clamp recordings because
of remaining detergent or other reasons, were discarded.

Electrophysiological Recordings—For patch clamp measurements of
channel activity, aliquots (3–6 �l) of giant liposomes were deposited
onto 3.5-cm Petri dishes and mixed with 2 ml of the buffer of choice for
electrical recording (bath solution; usually 10 mM Mes buffer, pH 4,
containing 100 mM KCl). Giga seals were formed on giant liposomes

with borosilicate microelectrodes (Sutter Instruments) of 7–10 mego-
hms open resistances, filledwith 10mMHepes buffer, pH 7, 100mMKCl
(pipette solution). After sealing, excised inside-out patches were
obtained by withdrawing the pipette from the liposome surface. Stand-
ard patch clamp recordings (16) were obtained using either Axopatch
200A (Axon Instruments, Union City, CA) or EPC-9 (Heka Electronic,
Lambrecht/Pfalzt, Germany) patch clamp amplifiers, at a gain of 50
mV/pA. The holding potential was applied to the interior of the patch
pipette, and the bath was maintained at virtual ground (V � Vbath �
Vpipette). An Ag-AgCl wire was used as the reference electrode through
an agar bridge, and the junction potential was compensated when nec-
essary. Routinely, themembrane patcheswere subjected to a protocol of
pulses and/or voltage ramps. The protocol of pulses went from �200 to
�200 mV, at 50-mV intervals, and 2 s of recording at each individual
voltage was used, holding the patch back to 0 mV between the different
voltage steps. The voltage ramps went from �200 to �200 mV, during
a 3-s scan. All measurements were made at room temperature. Record-
ings were filtered at 1 kHz, and the data were analyzed off-line with the
pClamp9 software (Axon Instruments).
Recordings from giant liposomes prepared from either 50 or 100 �g

of wild-type KcsA protein and registered under identical experimental
conditions (pH 4 at the bath and pH 7 at the pipette solutions) exhibited
qualitatively similar patterns of ion channel activity but differed in com-
plexity (a larger number of events as the amount of protein increased)
and in the percent of silent patches, which went from only 9% (n � 23)
when using 100 �g of protein, to �38% (n � 150) for 50 �g of protein,
respectively. Thus, for practical purposes, we studied in more detail the
giant liposomes made from 50 �g of protein, which became our “stand-
ard” experimental condition.

SDS-PAGE and Western Immunoblotting—For SDS-PAGE analysis,
the protein-containing samples were mixed with an equal volume of
electrophoresis buffer sample (20 mM Tris, pH 6.8, 20% glycerol,
0.1% bromphenol blue, and 4% SDS) and applied to a 13.5% acrylam-
ide gel in the presence of 0.1% SDS (17). After electrophoresis, pro-
teins were transferred onto a nitrocellulose membrane. Blots were
incubated with 3% (w/v) bovine serum albumin in PBS-T (phos-
phate-buffered saline, pH 7.4, containing 0.05% Tween 20). The His-
tagged KcsA was detected with a mouse monoclonal anti-Tetra-His
antibody (1:1000 dilution, Qiagen) in PBS-T. After washing, the
immunoblots were incubated with a secondary horseradish peroxi-
dase-conjugated rabbit anti-mouse IgG (1:1000, Sigma) in PBS-T.
Immunoreactive proteins were visualized by chemiluminescent ECL
detection reagent (Amersham Biosciences).

Analytical Ultracentrifugation—Sedimentation velocity experiments
were conducted in a Beckman Optima XL-I ultracentrifuge (Beckman
Coulter) with an An50Ti eight-hole rotor and double-sector Epon-
charcoal centerpieces. DDM-solubilized KcsA samples at protein con-
centrations ranging 0.5–10 �M in 20mMHepes buffer, pH 7.0, contain-
ing 100mMKCl and 5mMDDM,were centrifuged at 40,000 rpm, 20 °C,
and the absorbance at 280 nm was followed. Differential sedimentation
coefficient distributions, c(s), were calculated by least-squares boundary
modeling of sedimentation velocity data by using the program SEDFIT
(18, 19).

Fluorescence Labeling of KcsA—Aliquots of the sulfhydryl-con-
taining mutant KcsA S22C at 7 �M in 20 mM Hepes, pH 7, 100 mM

KCl and 5 mM DDM were treated for 1 h in the dark with a 10-fold
molar excess of Tris(2-carboxyethyl)phosphine hydrochloride to
keep the sulfhydryl groups in a reduced form. The maleimide Alexa
probes (Alexa Fluor� 546 C5-maleimide or Alexa Fluor� 647 C2-ma-
leimide; Molecular Probes) were dissolved in buffer and added in a
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10-fold molar excess to the reduced KcsA samples. After 2-h incu-
bation at 4 °C, an excess of 2-mercaptoethanol was added to react
with the excess free probe. Finally, the fluorescently labeled KcsA
was separated from the free fluorophores by gel filtration on Seph-
adex G-50 (medium), which also eliminates the minor population of
monomeric KcsA present in the purified KcsA preparations. Moni-
toring of the absorbance at either 546 or 647 nm was used to define
the elution profile, while the protein was detected by SDS-PAGE of
the different fractions. Routinely, yields ranging 20 to 30% labeling of
the available sulfhydryls were obtained.

Fluorescence Anisotropy Measurements—Stock solutions of Alexa
546-labeledKcsA in 10mMHepes buffer, pH7.0, 100mMKCl, and 5mM

DDM were subjected to successive dilutions with the same buffer to
attain different protein concentrations. Steady-state fluorescence ani-
sotropy �r� was determined at 25 °C in an SLM-8000C spectrofluorom-
eter equipped with Glan-Thompson polarizers in the “L” format, by
measuring the vertical (IVV) and horizontal (IVH) components of the
fluorescence emission with excitation polarized vertically, as defined by
(20),

�r� � 	IV V � G*IVH
/	IV V � 2*G*IVH
 (Eq. 1)

where the G factor (G � IHV/IHH) corrects for the transmission bias
introduced by the detection system. Excitation and emission wave-
lengths were 525 and 574 nm, respectively. The protein and DDM con-
centration were low enough to prevent scattering artifacts that could
result in an artificial depolarization of the fluorescence. Similar meas-
urements carried out using Alexa 647-labeled KcsA yielded essentially
identical results.

Fluorescence Resonance Energy Transfer Measurements—Alexa 546-
and Alexa 647-labeled KcsA were used as the donor-acceptor pair for
FRET measurements both in detergent solution (10 mM Hepes buffer,
pH 7, 100 mM KCl, 5 mM DDM) and in reconstituted asolectin lipid
vesicles. For the latter, the reconstituted vesicles were prepared at a
fixed asolectin lipid to total protein weight ratio of 10:1 in 10 mMHepes
buffer, pH 7, 100 mM KCl. Because the donor concentration (�6 �g of
protein/ml) was not identical in the different samples, particularly in the
reconstituted vesicles, FRET efficiency (E) was not calculated through
the usual method of quenching of donor steady-state emission. Instead,
two other approaches were used. In the first approach, E was deter-
mined by measuring the increase in fluorescence of the acceptor due to
energy transfer and comparing this to the residual donor emission (21).
For this, steady-state emission scans of the samples at different donor to
acceptor ratios were recorded in an SLM-8000C spectrofluorometer at
an excitation wavelength of 525 nm and at emission wavelengths from
540 to 750 nm at 1-nm intervals, and corrected for background and
instrument response. The acceptor emission coming from its direct
excitation at 525 nmwas negligible in the reconstituted samples but not
in detergent solution, where such contribution was always subtracted.
Afterward, the spectra were normalized to the donor maximum at 574
nm where there is no acceptor fluorescence. Then, the donor spectrum
was subtracted from each of the donors plus acceptor spectra, and the
integrated areas of the resulting curves were calculated (IAD). The area
under the donor spectrum was also calculated (ID), and then E results
from,

E � 	IAD/qA
/	ID/qD � IAD/qA) (Eq. 2)

where qA (0.80) and qD (0.85 (22)) are the experimentally determined
quantum yields of the acceptor and donor, respectively.
The second approach estimates the transfer efficiency in samples

with different donor concentration frommeasurements of the donor
fluorescence decay at different donor to acceptor ratios. Fluores-
cence decays were measured in a fluorescence lifetime instrument
(Photon Technology International Inc.) using a proprietary strobo-
scopic detection technique (23, 24). The system used a GL-330
pulsed nitrogen laser pumping a GL-302 high resolution dye laser.
The dye laser output at 525 nm was fitted to the sample compart-
ment via fiber optics. The emission wavelength was 574 nm. Fluo-
rescence decays were analyzed using a non-linear least-squares
regression method. The average decay times, which are proportional
to the steady-state intensities, were calculated from the results of
multiexponential fits by using the expression,

��� � 	�ai� i
/	�ai
 (Eq. 3)

where ai and �i represent the pre-exponential factors and the lifetimes,
respectively. From these, E was calculated using the expression (20),

E � 1 � �DA/�D (Eq. 4)

where �DA and �D are the average fluorescence lifetimes of the donor
in the presence and in the absence of acceptor, respectively.
Finally, the theoretical contribution to FRET arising purely from the

random distribution of labeled KcsA donors and acceptors within the
two-dimensional membrane bilayer was estimated according to Capeta
et al. (25). Such calculations take into account three parameters, �w, �1,
and B. �w, the interplanar spacing between donors and acceptors, was
fixed to zero, because both probes are located at cysteine 22 in different
KcsA molecules. �1 is the ratio R1/R0, where R1, the exclusion distance,
represents the minimal distance between two probes, and R0 is the
Förster’s distance. R1 was fixed as twice the protein radius (51.9 Å in the
KcsA crystal structure), whereas R0 was 68 Å as calculated from the
spectral overlap and the donor quantum yield. B, the relative enrich-
ment factor for the acceptor in the proximities of the donor was fixed to
1.05, which assumes a random distribution of donors and acceptors in
the bilayer. A similar theoretical curve was also obtained by applying
other models such as that fromWolber and Hudson (26).

Confocal Fluorescence Microscopy—Aliquots (3–6 �l) of giant lipo-
somes containing fluorescently labeled KcsA were deposited on a cov-
erslip mounted on a custom-made chamber and mixed with 1 ml of 10
mM Hepes buffer, pH 7.0, 100 mM KCl. The samples were visualized
without any further treatment by using an LSM 5 Pascal confocal laser
scanning microscope (Axiovert 200M, Carl Zeiss) and a Plan-Neofluar
40�/1.3 objective. Giant liposomes containing Alexa 546-labeled KcsA
were excitedwith the 543 nm line of an argon laser, and the emitted light
was filtered through a 560–615 nmband pass filter. For giant liposomes
containing Alexa 647-labeled KcsA, the 633 nm line of a He-Ne laser
was used for excitation, whereas the emitted light was filtered through a
650 nm long pass filter. For FRET images, giant liposomes containing
both Alexa 546- and Alexa 647-labeled KcsA, usually at a 1:1 donor/
acceptor ratio, were excited at the above 543 nm emission line of the
argon laser and the emission was filtered through the 650 long pass
filter. These conditions do not require any spectral bleed-through
correction.
Giant liposomes containing the fluorescently labeled phospholipid

NBD-DMPE, added (0.05%) to the asolectin lipids during reconstitu-
tion, were visualized by exciting theNBD-DMPEprobewith the 488 nm
emission line of the argon laser and using a 505–560 nm band pass
emission filter.
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RESULTS

Diverse Functional Behavior of KcsA: Low andHigh Channel Opening
Probability Patterns—Unless stated otherwise, excised membrane
patches from giant liposomes prepared from 50�g of purified KcsA and
25 mg of asolectin lipids (see “Experimental Procedures”) were always
used in these experiments. The recording bath solution was 10mMMes
buffer, pH 4, containing 100 mM KCl, whereas the pipette solution was
10 mM Hepes buffer, pH 7, 100 mM KCl. Despite the identical experi-
mental conditions, different types of activity were distinguished in these
patches (n� 93) and classified as “low” or “high” channel opening prob-
ability patterns based on the probability of finding channel opening
events in the recordings (Fig. 1). These experiments used a large number
of different batches of both purified KcsA and asolectin lipids to prepare
the giant liposomes. However, we found no dependence with either
the moment in which the experiments were carried out or with the
different batches used. Moreover, the different activity patterns
illustrated in Fig. 1 were often observed in different patches from the
same preparation of giant liposomes.
Fig. 1 shows typical voltage ramps from protein-free patches used as

a control (Fig. 1A), as well as from different KcsA-containing patches
representative of the different opening probability patterns observed.
Fig. 1B shows a few openings in the form of bursts of activity, but the
channels are closed most of the time, which are well known reported
features of KcsA (10, 11). Accordingly, we named this pattern “low
channel opening probability” or LOP pattern, seen in 55% of the record-
ings (n � 51). On the contrary, Fig. 1 (C and D) shows examples of
activity patterns in which the most salient feature is that the channels
are opened most of the time. These patches were named as “high chan-
nel opening probability” or HOP patterns and were observed in 45% of
the cases (n � 42), including some instances in which somewhat inter-
mediate behaviors between those depicted in Fig. 1 (C and D) were
detected in the recordings. The predominant HOP pattern corresponds
to that in Fig. 1C (n� 26), inwhich similar current is conducted at either
positive or negative potentials, following an almost symmetrical sig-
moid-like voltage dependence. Characteristically, channel closings are
observed at extreme voltages and variable flickering may sometimes be
present at any of the voltages studied. Fig. 1D shows a different HOP
pattern encountered with a lower incidence (n � 10) in which more
current is conducted at negative than at positive voltages, thus showing
an inward rectifier behavior. These latter recordings do not show a
predominance of channel closings at the extreme values in the voltage
ramps, while variable flickering (from moderate to very intense) may
also be present. This variability observed when KcsA is reconstituted
into giant liposomes was not explicitly reported in the earlier character-
ization of KcsA in planar lipid bilayers, but it seems reminiscent of that
referred more recently (27) using the latter reconstituted system.
Regardless of the pattern exhibited, additional experiments carried

out under asymmetrical KCl concentrations (400 and 100mMKCl in the
bath and pipette solutions, respectively, under otherwise identical con-
ditions) yielded very similar reversal potentials, which were near that
corresponding to potassium under these gradient conditions (not
shown).
Curiously, a small population of patches (n � 6) was also found in

which themain feature was that the number of open channels increased
progressively in a “ladder”-like manner during the time course of the
recordings as the protocol of pulses was applied repetitively. This latter
behavior is discussed below under “Results.”

Analysis of the LOP Pattern—In agreement with previous reports,
channel opening in this activity pattern requires acidic pH (8–11, 28).
Fig. 2A shows that these excised membrane patches do not exhibit

FIGURE 1. Diverse functional behavior of KcsA. Typical voltage ramps obtained under
identical experimental conditions by patch clamping excised inside-out patches from
reconstituted giant liposomes prepared in the absence (A) or in the presence of the
purified KcsA channel. B, slightly predominant low channel opening probability (LOP)
pattern; C and D, high channel opening probability (HOP) patterns exhibiting either
symmetrical sigmoid-like voltage dependence (C ) or inward rectifier-like behavior (D).
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channel opening events when symmetrical solutions at pH 7weremain-
tained in the bath and pipette sides of the patch.On the contrary, chang-
ing the bath solution to pH 4 causes channel opening activity (Fig. 2A,
lower traces), regardless of whether the pipette solution wasmaintained
at pH 4 or 7. These pH-dependent changes in gating behavior are pro-
duced immediately upon perfusion of the bath solution and are also fully
reversible. Finally, changing the pipette solution to pH 4, while leaving
the bath solution at pH 7, results in only occasional channel openings
(not shown). All the above indicates that the acidic pH-sensing sites in

our excised patches aremostly exposed to the bath solution. Using point
mutations in the KcsA structure, it was elegantly demonstrated that the
characteristic pH sensitivity of this channel was confined to its intracel-
lular portion (10), thus, it should be concluded that our excised patches
are “inside-out,” with the cytoplasmic portion of KcsA oriented toward
the bath side.
Fig. 2B shows representative recordings of channel activity at two

different holding potentials. The recordings typically show rapid gating

FIGURE 3. Coupled gating of KcsA channels in the LOP pattern. A, a recording con-
taining only the minimal 4-pA single channel currents seen at �150 mV; B, a recording
obtained under identical conditions but containing predominant 8-pA currents result-
ing from coupling of two KcsA channels. The amplitude histograms of each of the above
recordings are shown to the right. The latter 8-pA currents were the predominant events
in most recordings of KcsA taken in LOP patterns. The dashed lines in the two recordings
(labeled ‘1’ and ‘2’) are indicative of the 4- and 8-pA current levels.

FIGURE 4. Main features of a HOP pattern of KcsA, such as that shown in Fig. 1C. A,
shows representative channel currents taken at �100 mV, where the channels are
opened during most of the recording, or at �200 mV in which channel closings are more
likely to occur. Due to the difficulties in identifying the closed state in some of these
recordings, the dashed lines indicate the zero current levels. B, shows the voltage
dependence of the open channel probability (NP0) calculated as the fraction of time
during which the channels are opened in recordings such as those shown in A (n � 6),
which exceeded 0.9 near 0 mV and decreased at the extreme voltages used in these
studies.

FIGURE 2. Main features of the LOP pattern of KcsA. A, acidic pH dependence of chan-
nel opening. The upper traces illustrate the lack of channel activity when 100 mM KCl
symmetrical solutions at pH 7 were used at both sides of the patch at �150 mV. The
bottom traces were obtained by changing the bath solution to pH 4. In this and all similar
figures, closed channel states are indicated by arrowheads. B, representative long record-
ings of channel activity at �150 mV to illustrate the characteristic rapid gating in the
form of bursts of activity within long-lived silent periods. Unless indicated otherwise, the
pH values of the bath and pipette solutions in this and all following figures were 4 and 7,
respectively (see “Experimental Procedures”). C, voltage dependence of the channel
opening probability (NP0) calculated as the fraction of time during which the channels
are opened in recordings ranging from 30 s to 2 min in length (n � 6). D, open channel
current versus voltage curve, obtained by averaging the current amplitudes from several
different patches (n � 9). The results shown in C and D and in all other similar figures are
the mean � S.E.
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in bursts of activity within long-lived silent periods. Channel openings
are somewhat variable in amplitude, particularly at positive voltages,
and quite noisy,mostly at negative voltages. These recordingswere used
to calculate the open channel probability (Fig. 2C), as the fraction of
time during which the channels are opened. Such values were lower
than 0.06 (n� 6), which is in fair accordance with reports by others (29)
and exhibited a bell-shaped voltage dependence with a maximum at
��120 mV. The regions of these recordings showing bursts of activity
were also used to study the voltage dependence of channel current. Fig.
2D shows the channel I/V relationship obtained by averaging the cur-
rent amplitudes at each of the different potentials from several different
patches (n� 9). An estimatedmean slope conductance of 75.5� 3.0 pS
was obtained. Also, it was observed that KcsA showed open channel
rectification with mean chord conductances at �200 and �200 mV of
41.8� 1.2 pS and 28.4� 1.2 pS, respectively. These conductance values
are comparable to those reported previously forKcsA reconstituted into
planar lipid bilayers (8, 10, 11, 28, 30).
The routine averaging of the current size measurements used for the

I/V plots, however, might be misleading, as a closer examination of
individual patches reveals that single channel-like openings of clearly
different sizes are present in the recordings. Fig. 3 illustrates such vari-
ability in recordings taken at�150mV inwhich either 4-pA (Fig. 3A) or
8-pA (Fig. 3B) currents, can be observed as the almost exclusive gating
events in each case. The latter 8-pA currents were predominant inmost
of the patches recorded and in fact, I/V plots obtained from selected
recordings showing almost exclusively such currents yielded conduct-
ance values very similar to those determined from the “average” meas-
urements from above. Regardless of their frequency of appearance, both
the 4- and 8-pA closing and opening events have a single channel-like
appearance as far as instrumental resolution distinguishes. This, along

with the fact that the larger currents have twice the amplitude of the
smaller ones suggests the possibility that, rather than variability in the
channel currents, we might be dealing with a phenomenon of coupled
gating involving two identical channels acting synchronously. To test
this possibility, we proceeded as reported in Kenyon and Bauer (31) by
analyzing the amplitude distributions in recordings having 0 (closed
states), 4- and 8-pA events to calculate the so-called “coupling param-
eter,” which in all cases yielded values higher than zero, indicating that
indeed the openings of the two single channels involved occur cooper-
atively and are positively coupled.Moreover, we also encountered other
recordings in which currents of either 12- or 16-pA currents were
detected at �150 mV in the absence of the above 4- or 8-pA currents
(not shown) during short but significant periods of time. This suggests
that coupling could occasionally go beyond the association of two KcsA
channels providing an explanation to the apparently controversial find-
ing of several subconductance states reported earlier (7, 8, 30), in which
the possibility of coupled gating as a source of diversity was not consid-
ered. Other previously reported channel properties of KcsA, including
its selectivity for K� or its typical blockade by Na� added to the bath
solution, mainly at positive voltages, were also found in our experimen-
tal system and will not be described here.

Analysis of the HOP Pattern—HOP patterns can be readily distin-
guished from the LOP patterns from above, because under identical
experimental conditions, the channels now remain open most of the
time andmuchmore current is conducted through these patches (Fig. 1,

FIGURE 5. Coupled gating of KcsA channels in HOP patterns. A, a representative
recording taken at �150 mV illustrating three successive closings of 20-pA current levels
in a HOP pattern similar to that shown in Fig. 1C. B and C, some regions of the above
recording in more detail, in which, in addition to the main 20-pA current level, openings
and closings of a smaller 4-pA current could also be observed, along with other currents
whose intensities are integer multiples of the smaller 4-pA currents. The main gating
event, however, corresponds to the 20-pA currents, which seemingly result from the
positive coupling of five of the smaller 4-pA current levels. The amplitude histograms of
each of the above recordings are shown to the right. Dashed lines in B and C (flanked by
numbers ‘1 ’ through ‘5’) are solely to indicate the 4-, 8-, 12-, 16-, and 20-pA current levels.

FIGURE 6. Channel opening of KcsA in HOP patterns does not depend on acidic pH.
A, shows recordings of channel activity taken at �100 mV using the usual solutions at pH
4 in the bath and pH 7 in the pipette. B, shows recordings taken under identical condi-
tions except that the pH in the bath solution was also 7. The dashed lines indicate the zero
current levels.
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C andD). Fig. 4A shows the currents observed at different voltages in the
most frequently foundHOPpattern, such as that in Fig. 1C. Estimates of
the open channel probability yielded values as high as 0.9 within the
�100 to �100 mV range, with a maximum near 0 mV and decreasing
both at extreme negative or positive voltages (Fig. 4B). These extreme
voltages, which allow for more clear recordings of both channel open-
ings and closings were used to analyze the gating properties of these
HOP patterns. Fig. 5A shows in detail a representative long recording
taken at �150 mV in which three main current levels were observed,
each of �20 pA (equivalent to 133 pS at this voltage), closing succes-
sively to finally reach the zero current level. A closer view of the lower
20-pA current level (Fig. 5,B andC) reveals that, indeed, 20-pA currents
were the most frequently observed events and, as far as instrumental
resolution permits, appeared mostly as large, single channel-like open-
ings or closings, going all the way from the closed state to the 20-pA
current level or vice versa. These large 20-pA currents, however, were
accompanied by much less frequent, smaller current levels of �4, 8, 12,
and 16 pA, i.e. integermultiples of the smaller 4-pA currents. Disregard-
ing the differences in the open channel probability, this is reminiscent of
the coupled gating observed in the LOP pattern from above, except that
in HOP patterns the coupling seemingly involves up to five 4-pA cur-
rents to give rise to the main 20-pA “single” channel events. Unfortu-
nately, the high number of channels involved in this latter putative
coupling process prevents the determination of the coupling parameter
as done in the LOP patterns from above. The apparent coupling
observed in HOP patterns, however, may occasionally be incomplete as
shown in Fig. 5B, in which the lower 0- to 4-pA current level remains

open for some time, as if temporarily excluded from coupling with the
other four current levels. Additionally, intense variable flickering, span-
ning several current levels such as those shown also in Fig. 5C, was
observed intercalated between regions of coupled gating, as if the
ensemble of unitary currents went through periods of variable stability.
In addition to the differences in open channel probability and its

voltage dependence, as well as in the degree of the apparent coupled
gating, there were other striking differences between HOP and LOP
patterns. For instance, channel activity in HOP patterns does not
depend on acidic pH anymore and is present at either pH 4 or pH 7 in
the bath solution, although the gating features are different (Fig. 6). Also
and most remarkably, HOP patterns are not blocked by Na�, which in
fact becomes a conducting species (data not shown). Blockade byNa� is
considered a hallmark of potassium channels, although in KcsA in par-
ticular, a significant Na� conduction has been reported previously in
the reconstituted planar bilayer system at extreme voltages, in which a
“punch-through” mechanism was invoked (32), or in protoplast-lipo-
some vesicle preparations from Streptomyces micelia, where a perme-
ability ratio PK�/PNa

� of only three was estimated (7). The above observa-
tions on the different pH sensitivity and Na� blockade between HOP
and LOP patterns strongly indicate that some of the previously reported
properties of KcsA may change quite dramatically when in an HOP
pattern.

Ladder-like Openings: From No Activity to Building a HOP Pattern—
We referred above to aminor population of patches (only 6 out of a total of
93 active patches) in which the main feature is that the number of open
channels increases during the time course of the recording as the protocol

FIGURE 7. Occasional ladder-like openings
exhibited by a small number of patches from
KcsA giant liposomes. The number of open chan-
nels increases during the time course of the
recording as the protocol of pulses is applied
repetitively. Number 1 refers to the first sequence
of pulses, while 2, 3, and 4 refer to successive pulse
sequences applied to the patch at 10- to 20-s inter-
vals. The recordings corresponding to �150, 0,
and �150 mV in the successive sequences of
pulses have been highlighted in a thicker trace.
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of pulses is applied repetitively. Fig. 7 shows recordings from one of such
patches in which the first group of pulses (numbered ‘1 ’ in Fig. 7) results in
essentially no activity at any of the voltages studied. Subsequent recordings
(numbered ‘2 ’ to ‘4’) taken immediately afterward, however, show that
channel openings begin to appear quite conspicuously on top of one
another in a ladder-like manner, first at �200 mV, but also at most other
voltages in subsequent groups of pulses. Estimation of the size of the cur-
rent “steps” in the ladder-like ensemble allows distinguishing that, in three
out of the six patches showing this behavior, currents corresponding to the
unitary current level seen in the LOPorHOPpatterns fromabove, enter or
leave the laddermostly one by one, whereas in the remaining three patches
such as that shown in Fig. 7, entering or leaving of pairs of such current
levels was observed. Therefore, the same elemental current events seen in
theLOPorHOPpatterns fromabove seemalso responsible for building up
these unusual ladder-like patterns. Eventually, these patches either broke
uporbecomean inward-rectifier typeHOPpattern similar to that depicted
in Fig. 1D, butmore importantly, the observation of this ladder-like behav-
ior suggests that the KcsA channels contained in these patches, which are
initially inactive, are subjected to a dynamic process that somehow
makes them interact with each other in response to the voltage
pulses and to acquire a much higher open channel probability.

Evidence for KcsA Clustering—Previous reports on ryanodine (33) or
dihydropyridine receptors (34) correlated functional coupling with
physical clustering of the channels by evidencing the appearance of a
higher sedimentation coefficient species by centrifugation of detergent-
solubilized preparations of the channel protein. Here, we carried out
analytical ultracentrifugation sedimentation velocity studies in DDM-
solubilized KcsA samples at protein concentrations ranging 0.5 to 10
�M. The results show that, regardless of the protein concentration,
there is a major sedimenting species of 6.7 S which, depending on the
different KcsA preparations, accounted for 80–90% of the total protein
(Fig. 8A). According to the Svedberg equation (35) and assuming a
spherical shape and a 0.73 cm3/g partial specific volume, the above
sedimentation coefficient corresponds to an apparent molecular mass
of 110 kDa. This fits fairly well to the theoretical molecular mass of 76
kDa for the KcsA tetramer (160 amino acids per monomer in the native
protein, plus 12 additional N-terminal amino acids containing the poly-
histidine tag) bound to a reasonable number of DDM molecules. Such
putative tetrameric species is accompanied by a lighter species, whose
sedimentation coefficient yields an apparent molecular weight similar
to that expected from the KcsA monomer, 19 kDa, and by up to three
heavier species with average sedimentation coefficients of 9.6, 12.4, and
15.0 S (corresponding to �190, 280, and 370 kDa, respectively), which
altogether accounted for�10–15%of the total protein in these samples.
These observations are somewhat reminiscent of those made using
SDS-PAGE (14) in which, in addition to a major band of tetrameric
KcsA (the major form in which the purified KcsA runs in SDS-PAGE
from non-boiled samples), there is an accompanying band correspond-
ing to KcsA monomer and additional bands heavier than the tetramer,
which are more apparent upon reconstitution of the purified KcsA into
lipid vesicles and whose molecular weights correspond to the SDS-re-
sistant association into multimers of two or more KcsA tetramers,
respectively (see inset to Fig. 8A).
The possible protein concentration dependence of multimer forma-

tion could not be illustrated accurately by analytical centrifugation
because of the low 280-nm absorbance in the lower protein concentra-
tion range. For this reason, we turned out to use more sensitive fluores-
cence measurements to study this low protein concentration range. For
these experiments, a cysteine-substituted mutant at a strategic site in
the KcsA sequence (KcsA S22C) was reacted with sulfhydryl-reactive

FIGURE 8. Supramolecular assembly of KcsA in detergent solution. A, apparent sedimen-
tation coefficient distribution derived from sedimentation velocity profiles of detergent-sol-
ubilized KcsA (5 �M in terms of KcsA tetramers). Such distribution remained fairly constant
within the protein concentration range studied (0.5–10 �M). The inset shows typical SDS-
PAGE (lane 1) and Western anti-His tag immunoblot (lane 2) profiles for the purified KcsA
preparations used in these studies. M, T, and Mul stand for monomeric, tetrameric, and mul-
timeric KcsA, respectively. B, protein concentration dependence of the steady-state fluores-
cence anisotropy of detergent-solubilized, Alexa 546-labeled KcsA at 25 °C, in a lower protein
concentration range (0.025–1 �M). The anisotropy for the free Alexa probe was 0.069. C,
Western blots from detergent-solubilized KcsA samples to illustrate that tetrameric KcsA
remains as the predominant species even under these conditions of low protein concentra-
tion, but multimeric KcsA species can hardly be seen. Such multimeric KcsA species in the
Western blots, however, can be readily observed at these protein concentrations when
reconstituted KcsA samples, instead of detergent-solubilized KcsA, are used in the experi-
ments (D).
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fluorophores (Alexa 546 or 647maleimide derivatives) to attain fluores-
cently labeled protein. Fig. 8B shows fluorescence anisotropy measure-
ments obtained from the Alexa 546-labeled KcsA. At protein concen-
trations higher than 0.25�M, the anisotropy values remain constant and
fairly high, as expected from a limited rotational mobility of the rela-
tively large protein species seen in solution. However, at lower concen-
trations there is a clear concentration dependence of the fluorescence
anisotropy, which suggests that the assembly of the larger species from
the predominant KcsA tetramers occurs within that concentration
range. Such an assembly can be partly reversed by simple dilution of the
samples to lower protein concentrations, as shown in Fig. 8. The anisot-
ropy data receive apparent support from simple SDS-PAGE/Western
blots (Fig. 8C), which indicate that, in detergent-solubilized samples,
bands of KcsAmultimers can hardly be seen at such low concentrations
unless heavily overexposed, whereas they are more easily detected in
reconstituted samples containing an identical amount of protein.
The fluorescently labeled Alexa 546 and Alexa 647 KcsA derivatives

were also used as donor-acceptor pairs for FRET experiments in deter-
gent solution and in reconstituted vesicles made under identical condi-
tions to those used to prepare the giant liposomes for patch clamp
measurements. The R0 (distance at which there is a 50% efficiency of
transfer) was calculated from the spectral overlap as �68 Å, which
seems a sensible distance to monitor supramolecular assembly of KcsA
tetramers. Fig. 9 shows that, upon excitation of the donor, there is an
increase in acceptor emission as the acceptor:donor ratio is increased,
consistent with the occurrence of energy transfer. Such process, how-
ever, is less efficient in the detergent-solubilized samples (Fig. 9A) than
in the reconstituted vesicles (Fig. 9, B and C), suggesting that reconsti-
tution of the tetrameric KcsA into lipids favors its supramolecular
assembly into clusters.
Giant liposomes were also prepared from the reconstituted vesicles

containing the fluorescently labeled KcsA in an attempt to visualize the
clusters by confocal microscopy. The experimental conditions used in
the preparation of such giant liposomes were essentially identical to
those used for the recording of KcsA activity by patch clamp techniques.
Fig. 10A illustrates that the fluorescently labeled protein is distributed
heterogeneously in the giant liposomes, defining large (up to microme-
ter size) highly fluorescent array-like protein complexes on a more
homogeneous background containing small fluorescent spots and
punctuations of different size throughout. The observed heterogeneity
in the distribution of the labeled protein truly responds to the specific
association of KcsAmolecules, because the distribution of an additional
fluorescent phospholipid probe, contained simultaneously in the giant
liposomes (Fig. 10B), shows that the lipid is distributed much more
homogeneously. Thus, the above observations strongly suggest that
extensive, heterogeneous clustering ofKcsAoccurs upon reconstitution
into the giant liposomes.
Giant liposomes containing both donor- and acceptor-labeled KcsA

at different ratios are also amenable for “in situ” FRETmeasurements by
exciting at the appropriate donor excitation wavelength and recording
acceptor emission in the confocal microscope (Fig. 11). In agreement
with the FRET measurements in the fluorometer cuvette from above,
these in situ measurements show FRET in the individual giant lipo-
somes between closely arranged donor- and acceptor-labeled KcsA.

FIGURE 9. FRET measurements from Alexa 546- and Alexa 647-labeled KcsA as
donor and acceptor pair, respectively. A, illustrates the results obtained with deter-
gent-solubilized samples (labeled proteins in 10 mM Hepes, pH 7, 100 mM KCl, 5 mM DDM)
at a donor to acceptor ratio of 1:0 and 1:2.1 (discontinuous and continuous lines, respec-
tively). B, results obtained in reconstituted vesicles containing the labeled proteins at
varying donor to acceptor ratios (1:0, 1:0.4, 1:0.6, 1:1.7, and 1:10). The arrow indicates how
the acceptor emission at 675 nm increases as the acceptor is increased with respect to
the donor. C, estimates of FRET efficiency in reconstituted vesicles determined from
either steady-state emission spectra (opened triangles) or from donor lifetime meas

urements (closed squares) (see “Experimental Procedures”). The curve in the continuous
line is provided to as a visual guide, whereas the discontinuous trace corresponds to the
expected theoretical contribution to the FRET signal arising from the random distribu-
tion of donor and acceptor molecules in the two-dimensional lipid bilayer. The parame-
ter � in the abscissa measures the acceptor surface density and is equal to the number of
acceptor molecules contained within a disk of radius, R0, the Förster distance (25).
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Moreover, these observations suggests that the larger KcsA clusters are
heterogeneous, because they contain regions where energy transfer
occurs, along with adjacent regions within the same cluster, which
exhibit fluorescence from only the donor- or the acceptor-labeled
protein.

DISCUSSION

Themore we learn on the different ion channel families, the more we
realize that their functional responses are sometimes exquisitely
dependent on molecular interactions among themselves or with other
cellular components, whose regulatory roles could not be always antic-
ipated from the in vitro characterization of the purified channel pro-
teins. Physical clustering of ion channels into closely packed assemblies

is among the possible consequences of such intermolecular interac-
tions, and because it is often accompanied by coupled channel gating
(33, 36–42) it seems a sensible strategy to secure an optimal ion chan-
nel-mediated signaling in response to the appropriate stimuli.
Herein we report that the purified, tetrameric KcsA assembles into

clusters of different size. In detergent solution, supramolecular cluster-
ing occurs to some extent affecting 10–15% of the total protein. Clus-
tering in detergent solution has been demonstrated by analytical ultra-
centrifugation, fluorescence anisotropy of the covalently labeled
protein, and fluorescence resonance energy transfer using a donor-ac-
ceptor pair of KcsA-bound probes. The analytical ultracentrifugation
studies show that the KcsA multimers are conformed as discrete sedi-
menting species with defined stoichiometries, thus excluding the pos-
sibility of a nonspecific protein aggregation process. Additionally, the
fluorescence anisotropy studies indicate that, even at fairly low protein
concentrations, the detergent-solubilized KcsA is subjected to a partly
reversible, concentration-dependent equilibrium between cluster-as-
sembled and unassembled forms. Likewise, the efficiency of fluores-
cence energy transfer between donor- and acceptor-labeled KcsA,
which is lower in detergent solution when compared with that seen
upon reconstitution of the labeled proteins into lipid vesicles, indicates
that the assembly process is clearly favored in the latter conditions.
Moreover, confocal microscopy experiments in the reconstituted giant
liposomes allow for the visualization of heterogeneous KcsA clusters,
some of which reach micrometer size. Additional retrospective evi-
dence to support the clustering of KcsA comes from SDS-PAGE analy-
sis of the purified protein as prepared by most groups working in this
field: Bands of molecular weight higher than that corresponding to the
characteristic tetramer of four identical subunits (the usual way in
which the SDS-resistant KcsA runs in SDS gels) are present both in
detergent-solubilized preparations and even more markedly, in recon-
stituted membranes (14), attesting to the stability (SDS resistance) of
some of the building blocks in the clustered forms.
All the above indicates that the tetrameric KcsA has an intrinsic tend-

ency to assemble in vitro into heterogeneous supramolecular assemblies or
clusters, particularlywhenreconstituted intomembranes.This implies that
when a membrane patch is excised from the reconstituted giant liposome
for patch clamp recording purposes, there is a finite probability that it
would contain KcsA organized in the form of different supramolecular
entities, from the more complex large protein arrays to the individual tet-
rameric protein. According to the observations made in the clustering of
receptors (43), clustered assemblies provide the means to convert confor-
mational changes from a single origin into intermolecular allosteric behav-
ior. Indeed, some of the best characterized cases of ion channel clustering,
such as ryanodine receptors (33, 37, 38), serotonin 5-hydro-
xytryptamine2C receptors (40), Kir 4.1 (36), orKv 2.1 (39) potassiumchan-
nels, or cystic fibrosis transmembrane conductance regulator chloride
channels (41, 42), show that channel activity is dependent on clustering.
Therefore, assuming that this would also be the case for KcsA, different
channel activity patterns should be expected in the patch clamp recordings
arising from the different supramolecular entities present in the giant lipo-
somes. The experimental observation seemingly complies with such an
expectation, because different channel activity patterns are in fact detected.
The LOP pattern is the most frequently observed and likely represents the
simplest mode of assembly of KcsA, because only single channel openings
or,moreoften, gatingof twopositively coupled channels aredetected as the
predominant events. The features of the LOPpattern, i.e. an acidic pH- and
voltage-dependent gating, moderate selectivity for potassium, blockade by
sodium, and a very low channel opening probability, essentially coincide
with those reported previously for KcsA reconstituted in planar lipid bilay-

FIGURE 10. A, fluorescence microscopy images of KcsA clusters in a confocal cross-sec-
tion of a giant liposome containing Alexa 546-labeled KcsA. Large and highly fluorescent
array-like protein complexes of variable sizes are seen over a more homogeneous pro-
tein fluorescence background. In contrast to the marked heterogeneity in the distribu-
tion of the KcsA protein from above, B shows that the fluorescence of a phospholipid
probe (NBD-DMPE) recorded in the same liposome is distributed much more
homogeneously.
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ers (8, 10, 11, 28). Such an apparent equivalence seems consistent with the
present findings, because the concentration of protein that became incor-
porated into planar bilayers is usually very low, and therefore, the protein
concentration dependence of the clustering equilibrium as reported here
should be displaced to favor the less complex forms of assembly of KcsA. It
should be emphasized, however, that the predominant gating event found
in our LOP patterns corresponds to the positive coupling of two KcsA
channels and that the estimated conductance is practically identical to that
reported as the single channel conductance in planar lipid bilayers (see e.g.
Ref. 11). Thus, it seems likely that similar coupling phenomenamight serve
to explain previous results (and subsequent discrepancies) on complex,
multiple conductance levels reported occasionally for KcsA (7, 8, 28, 30).
HOP patterns have been detected in different forms and, besides

their characteristic high channel opening probability, they all have in
common frequent events of multiple coupled gating, mostly involv-
ing five single channels acting synchronously, and channel opening
both at neutral and acidic pH. As to the former, regardless of how
many channels might be involved in the concerted multiple openings
seen in the HOP patterns, the minimal currents detected seem iden-
tical in size to that seen in the LOP pattern, suggesting that the same
“building blocks” are used in all possible KcsA assemblies, regardless
of their complexity and behavior. Moreover, because the existing
reports on channel clustering show that it is often accompanied by
coupled gating and increased activity, we interpret our multiple cou-
pled gating and increased channel opening probability in the HOP
patterns as a direct consequence of the clustering process. Indeed,
the ladder-like HOP patterns (Fig. 7) show how the number of open
channels in a given patch increases dramatically during the time
course of the recording, likely as a consequence of clustering of the
existing channels within the patch. Interestingly, a recent report on
clustering of inositol 1,4,5-trisphosphate receptors (44) shows that a
conformational change to the open channel state is required prior to
its assembly into clusters. We do not know whether this would also
be the case for KcsA but, certainly, a similar mechanism should be
invoked to explain the much increased activity. Indeed, this possibil-
ity seems supported by a recent report (45) in which dimers of KcsA
tetramers are formed in detergent solution when at pH 5, which
favors open channel forms of KcsA, but not at pH 7.
As to the change in pH sensitivity, our observations in theHOPpatterns

are not completely unprecedented, because the opening of KcsA at neutral
pH was found in KcsA when simply subjected to a transmembrane ionic
gradient (12).More strikingly, KcsA in theHOPpatterns seems tohave lost
the ability to be blocked by Na�, which is exhibited only by LOP patterns.
Such an apparently controversial finding, however, might be related to
existing reports on an altered ionic selectivity and other properties of KcsA
reconstituted indifferent conditions (7, 8, 13) orwhen subjected to extreme
voltages in planar bilayers (32).
Theaboveunexpectedchanges in theknownpropertiesofKcsAwhen in

aHOPpatternmight arise frommodificationordirect involvementof their
correspondingmolecular determinants in the protein-protein interactions
and/or conformational rearrangements involved in the clustering process.
For instance, it is known that inward rectification in Kir channels (46) is
partly determined by the relative proximity between acidic amino acid res-

FIGURE 11. FRET imaging of KcsA clusters. Giant liposomes containing both Alexa 546-
and Alexa 647-labeled KcsA were used in these experiments. Alexa 546 direct emission
and FRET fluorescence were recorded simultaneously using the two available channels

for simultaneous data acquisition, while direct emission of the Alexa 647-labeled protein
was taken immediately afterward. A–C, respectively, show images of Alexa 546 (donor)
fluorescence, Alexa 647 (acceptor) fluorescence, and the donor to acceptor FRET. The
arrows indicate the presence of clusters containing both Alexa 546- (A) and Alexa 647-
labeled KcsA (B), in which FRET indeed occurs (C ). On the contrary, the single asterisk in A
indicates KcsA clusters exhibiting only donor fluorescence; whereas the double asterisk in
B indicates clusters exhibiting only acceptor fluorescence. As expected from the lack of
either donor- or acceptor-labeled protein within those clusters (C ), no FRET occurs at the
single or double asterisk regions in the giant liposomes.
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idues at strategic sites near the cytoplasmic channelmouth. Such an exam-
ple provides a nice correlation between a channel feature (inward rectifica-
tion) and the topology of specific residues, but, becauseKcsA toohas acidic
side chains (Glu-118 and Glu-120) near the inner channel mouth whose
relative positioning might be affected during clustering, it also provides a
plausible hypothesis to explain the inward rectification observed in someof
the HOP patterns reported here.
Concentration-dependent clustering in protein solutions and colloids

has been attributed to a combination of short range attractive and long
range electrostatic repulsive forces (47). InKcsA, both theC- andN-termi-
nal regions in the protein sequence are rich in charged amino acid side
chains, and therefore, they appear as potential candidates to act as molec-
ular determinants for cluster formation and integrated behavior. In this
respect, preliminary experimentsusing1–125KcsAobtained fromchymo-
trypsin cleavage of full-length 1–160 KcsA show clustering and HOP pat-
terns undistinguishable from those of the wild-type protein, i.e. indicating
that the large 126- to 160-amino acid C-terminal portion of the protein is
not involved in theseprocesses (not shown).Thepossible rolesof theN-ter-
minal or the transmembrane segments of the protein in these processes are
presently still under investigation, and additional work is needed to reach
more definitive conclusions on this issue.
The finding that KcsA, one of the structurally simplest ion channels

known to date, shows such a complex clustering and coupled gating
behavior “in vitro” is surprising. We do not know enough about the
biology of Streptomyces to be able to say whether these phenomena
would also happen “in vivo” and serve any physiological purpose. How-
ever, the molecular crowding expected in vivo, along with the protein
concentration dependence observed in the in vitro process, makes it
likely that clustering would also occur in the bacterial membrane. Nev-
ertheless, it should be noted that our in vitro observations probably
correspond to deregulated clustering processes, because the putative
anchoring molecules needed in vivo, if any, would not be present in our
purified, recombinant KcsA preparations. In KcsA in particular,
polyphosphates and polyhydroxybutyrate, which are abundant reser-
voir materials in prokaryotic cells, have been reported to interact with
KcsA to form conductive complexes (13, 48). Therefore, these or similar
compounds, such as prokaryotic alternatives to PDZ-domains or other
anchoring proteins observed in the clustering of other channels (33, 41,
42, 49), might provide a clue as to where to start looking for potential
cluster-inducing or cluster-stabilizing molecules. Thus far, however, it
seems reasonable to assume that KcsA clustering, coupled gating, and
channel opening at neutral pH with high probability, may be more bio-
logically meaningful than the currently established view of KcsA open-
ing only at very acidic intracellular pH and with very low probability.
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