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Molecular Template for a Voltage Sensor in a Novel K* Channel.
lll. Functional Reconstitution of a Sensorless Pore Module

from a Prokaryotic Kv Channel

Jose S. Santos, Sergey M. Grigoriev, and Mauricio Montal

Section of Neurobiology, Division of Biological Sciences, University of California, San Diego, La Jolla, CA 92093

KvLm is a prokaryotic voltage-gated K* (Kv) channel from Listeria monocytogenes. The sequence of the voltage-sens-
ing module (transmembrane segments S1-S4) of KvLm is atypical in that it contains only three of the eight con-
served charged residues known to be deterministic for voltage sensing in eukaryotic Kv’s. In contrast, the pore
module (PM), including the S4-S5 linker and cytoplasmic tail (linker-S5-P-S6-C-terminus) of KvLm, is highly con-
served. Here, the full-length (FL)-KvLm and the KvLm-PM only proteins were expressed, purified, and reconsti-
tuted into giant liposomes. The properties of the reconstituted FL-KvLm mirror well the characteristics of the
heterologously expressed channel in Escherichia coli spheroplasts: a right-shifted voltage of activation, micromolar
tetrabutylammonium-blocking affinity, and a single-channel conductance comparable to that of eukaryotic Kv’s.
Conversely, ionic currents through the PM recapitulate both the conductance and blocking properties of the FL-
KvLm, yet the KvL.Lm-PM exhibits only rudimentary voltage dependence. Given that the KvLm-PM displays many of
the conduction properties of FL-KvLm and of other eukaryotic Kv’s, including strict ion selectivity, we conclude
that self-assembly of the PM subunits in lipid bilayers, in the absence of the voltage-sensing module, generates a
conductive oligomer akin to that of the native KvLm, and that the structural independence of voltage sensing and
PMs observed in eukaryotic Kv channels was initially implemented by nature in the design of prokaryotic Kv chan-
nels. Collectively, the results indicate that this robust functional module will prove valuable as a molecular template
for coupling new sensors and to elucidate PM residue—specific contributions to Kv conduction properties.

INTRODUCTION

In voltage-gated K" (Kv) channels four subunits assemble
(MacKinnon, 1991), each contributing one quarter of
the pore (S5-P-S6) and a full voltage sensor (S1-S4)
module (Jiang etal., 2003; Cuello et al., 2004; Bezanilla,
2005; Chapman and VanDongen, 2005; Long et al.,
2005a). In the crystal structure (Long et al., 2005a), as
well as in a model in a lipid bilayer (Jogini and Roux,
2007), the four sensor modules of the rodent Kv 1.2
(pdb 2A79) sit peripherally to the pore, one never touch-
ing the other. Such configuration restricts surface con-
tact between pore and sensor only to a hydrophobic
face of S4 and a hydrophobic face of S5 in the neighbor-
ing subunit. The near spatial independence of pore and
sensor modules allows for largely unconstrained, inde-
pendent module evolution and therefore maximum
coupled-module diversity. These considerations posit
the notion that each module may fold independently
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in the absence of the other. It is therefore not surpris-
ing that the two modules have been found to naturally
occur and function as separate units, for example a
voltage sensor coupled to an enzyme (Ci-VSP) (Murata
et al., 2005) or on its own (Hv) (Ramsey et al., 2006;
Sasaki et al., 2006) and a pore module (PM) in a non-
voltage—gated channel (Schrempf et al., 1995; Cuello
etal., 1998; Cortes etal., 2001; Jiang et al., 2002b, 2002a;
Kuo et al., 2003; Kuo et al., 2007). These findings clearly
validate this laboratory’s previously proposed (Greenblatt
etal., 1985; Montal, 1990; Patten et al., 1999) evolution-
ary modularity of the voltage sensor and PM: “a unit of
interacting components that operates in an integrated
(interdependent) but relatively context-insensitive man-
ner and therefore behaves relatively invariantly in dif-
ferent contexts” (Schlosser and Wagner, 2004). But the
discovery of sensors that conduct (Hv) (Ramsey et al.,
2006; Sasaki et al., 2006) and of PMs that sense voltage
and even inactivate (e.g., a potassium-selective chan-
nel gated by H' [KcsA] [Gao et al., 2005; Cordero-
Morales etal., 2007] or by Ca** [MthK] [Kuo etal.,2007])
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in the absence of a sensor, shattered the dogma that
sensors sense and pores conduct and questions who
does what in Kv channels? The answer to this ques-
tion is especially relevant given that new properties
emerge in naturally decoupled modules, as evident
from blocking experiments and gating charge measure-
ments that clearly demonstrated that voltage sensors in
the context of intact Kv channels do not conduct ions
(Bezanilla, 2002).

In Kv channels of prokaryotic origin, the sequence
diversity of both voltage sensor modules (VSMs) and
PMs is expected to be larger than in eukaryotes given
the proposed additional roles that these modules play
in bacteria (Kuo et al., 2005). A pairwise sequence com-
parison of an alignment of 87 candidate prokaryotic Kv
channels confirms this expectation and shows that se-
quence identity conservation is markedly lower in the
sensor than PM (Fig. S1, A-C, available at http://www
jgp.org/cgi/content/full/jgp.200810077/DC1). A di-
rect inference from these observations is that voltage
sensors and especially PMs from Kv channels of bacte-
rial origin may exhibit greater structural plasticity to
adapt to each other than their eukaryotic counter-
parts that have been constrained (“glued” together) by
additional posttranslational modifications that confer
additional features to the sensor—pore assembly, for ex-
ample, localized and/or targeted subcellular or cellular
expression (Cai etal., 2006; Park et al., 2008). Such spe-
cialization nonetheless renders the primary function
of each module largely untouched. This is a plausible
expectation given that residues shown to facilitate the
hinge rotation that gates the pore open in prokaryotic
and eukaryotic Kv channels alike (Fig. 1, A and B) are
conserved (Magidovich and Yifrach, 2004; Ding et al.,
2005; Seebohm et al., 2006; Hardman et al., 2007), as
well as by the documented “portability” of sensor and
PMs in chimeric constructs (Cao et al., 1995; Patten
et al., 1999; Lu et al., 2002; Caprini et al., 2005; Alabi
etal., 2007).

Collectively, the functional and structural informa-
tion available suggest that PMs from Kv channels across
all kingdoms of life fold into functional K'-selective
channels with gating dynamics similar to those exhib-
ited by the same pore when controlled by the native
sensor. A sensor-less Kv will inform on which Kv full-
length (FL) channel properties are inherent to the pore
alone and which are conferred by the sensor to the
pore. Of special interest is to define the extent of gating
cooperativity of the four subunits in the absence of a
gating control, presumably enlightening the last struc-
tural transition in the pore preceding the start of ion
conduction (Hoshi et al., 1994; Zagotta et al., 1994a,
1994b; Aggarwal and MacKinnon, 1996; Schoppa and
Sigworth, 1998a, 1998b, 1998c). If any component of
the sensor were essential to gate the Kv channel pore in
a concerted manner, single-channel current measure-

ments of the sensor-less construct should be paved with
intermediate conduction states arising from the acti-
vation of one, two, or three pore subunits (Chapman
and VanDongen, 2005). In eukaryotic channels in which
the sensor was disconnected from the pore by means of
mutations in the S4 segment of the VSM, the transition
remained concerted but pore opening became largely
voltage independent (Smith-Maxwell et al., 1998a, 1998b;
Bao et al., 1999; Ledwell and Aldrich, 1999). Guided by
this laboratory’s previous attempt (Caprini et al., 2001)
and by others (Lu et al., 2001; Caprini et al., 2005), suc-
cessful chimeric design between a sensor from a fly and
a pore from a bacterium and by the crystal structure
of Kv 1.2, we successfully extracted the sensor from
Kv channel from Listeria monocytogenes (KvLm) (Lundby
et al., 2006; Santos et al., 2006), a prokaryotic Kv chan-
nel, thereby beginning gene transcription at the S4-Sb
linker to generate a K'-selective channel with the single-
channel conductance and ion selectivity of the FL. Kv
channel. We discovered that indeed the VSM in Kv chan-
nels is the “gatekeeper” (Armstrong, 2003) and that
concerted pore opening only requires sensor input at
subthreshold membrane potentials.

MATERIALS AND METHODS

Sequence Alignment

New candidate bacterial Kv channel sequences were identified
from hits of a BLAST (tblastn) search of all bacterial genomes
at the National Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi) using
the Shaker Kv channel (Sh, Drosophila melanogaster, gi 13432103)
sequence as query and added to an existing alignment of 54
sequences from bacterial genomes (Santos et al., 2006). A new
master alignment was generated with Clustal X (v.1.83) (Thompson
et al.,, 1997) using the Gonnet PAM series of protein weight
matrices (Gonnet et al., 1992), refined by minimal manual ad-
justments and filtered in Jalview (Clamp et al., 2004) to include
no sequences sharing >90% sequence pairwise identity. Using the
structural information available for Kv channel from Aeropyrum
pernix (KvAP) (Jiang etal., 2003; Cuello et al., 2004) as a ruler, the
transmembrane segment boundaries for all 87 sequences in the
alignment were identified and used to remove the sequences of
the amino and carboxy termini and to break the alignment into
two parts: an alignment of the VSM (S1-S4) and an alignment
of the PM (S4-S5;ike-S5-P-S6). A profile hidden Markov model
(HMM) (Eddy, 1998) for the PM alignment was constructed us-
ing a web server application (http://bioweb.pasteur.fr/seqanal/
interfaces/hmmbuild.html). The consensus sequence gener-
ated by the HMM was converted to an HMM logo using a web
server application (http://logos.molgen.mpg.de/cgi-bin/logomat-
m.cgi) (Fig. 1 A). To compare sequence conservation between
the PM sequences of bacterial Kv channels and those of other po-
tassium-selective pores with available structural information, the
PM sequences of KesA (gi 13399712), a bacterial pH-gated potas-
sium-selective channel (Schrempfetal., 1995; Cuello etal., 1998),
and of KCNA2, a Kv channel from rat (Kvl.2, sp P63142), were
aligned by ClustalX with the 87-PM sequences from Kv bacte-
rial origin. The aligned sequences of KvLm (gi 16411529), KvAP
(gi 14601099), Kv 1.2, and KcsA were extracted from this align-
ment (Fig. 1 B).
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Figure 1. Sequence conservation in the PM of bacterial Kv channels. (A) An HMM logo for the PM sequence alignment, extracted from

an alignment of 85 FL sequences of candidate bacterial Kv’s with the sequences of KvAP and KvLm sharing a maximum of 90% pairwise
sequence similarity (BLOSUM 62), reports the scaled amino acid frequency distribution at each position in the PM sequence. (B) The
conservation of the PM sequence in Kv channels is shown in an alignment of PM sequences of two prokaryotic Kv channels (KvLm and
KvAP) with those from a prokaryotic K* channel lacking a formal VSM (KcsA) and an eukaryotic Kv channel (Kv 1.2). Sequence identi-

ties and similarities are colored with a black and gray background.

Gene Cloning, Overexpression, Purification,

and Reconstitution

The gene-encoding FL-KvLm was PCR cloned from L. monocyto-
genes eGDE genomic DNA (provided by P. Cossart, Institute Pas-
teur, Paris, France) and inserted into the Escherichia coli protein
expression vector pQE-70 (QIAGEN) between the Sphl and BglII
restriction endonuclease sites. The Sphl site was eliminated by
site-directed mutagenesis using the QuikChange kit (QIAGEN)
so as to replace the histidine residue encoded by the Sphl se-
quence with the native KvLm aspartic acid residue. This is the
only difference between the clone used in this study and that
used for KvLm expression in spheroplasts (Lundby et al., 2006;
Santos et al., 2006). To generate the KvLLm-PM construct in which
the sensor is clipped out, the KvLLm gene was PCR amplified start-
ing at residue R98 and cloned into the Sphl and BglII restriction
sites in pQE-70. Expression of FL-KvL.Lm and KvLm-PM genes from
these constructs generates proteins with a six-histidine C-termi-
nal tag with calculated molecular weights of 29.7 kD (FL-KvLm)
and 18.2 kD (KvLm-PM). Channel protein was expressed in
E. coli XL-1 Blue cells (Agilent Technologies), grown in NaLM
(Epstein and Kim, 1971) media (10 g/L Bacto-tryptone [DIFCO],
5 g/L yeast extract [DIFCO], and 115 mM NaCl [Thermo Fisher
Scientific], pH 7.4) to an ODs; of 0.8-0.9 and induced with 0.5 mM
isopropyl-B-p-thiogalactopyranoside for 3—4 h at 37°C. Cells
were harvested by centrifugation at 9,000 g for 20 min at 4°C,
resuspended in ice-cold 100 mM KCI, 5 mM NaCl, 50 mM MOPS,
pH 7.0, containing 1 mg/ml lysozyme and protease inhibitors
(1 mM PMSF, 2 pM leupeptin A, 2 pM pepstatin), and lysed by
sonication on ice for 5 min, using 30-s on/30-s off cycles. All pro-
cedures from here on forth were performed on ice or at 4°C
unless otherwise indicated. Unbroken cell and inclusion bodies
were removed by centrifugation at 12,000 g for 15 min. Mem-
branes were collected from the supernatant (SN) by centrifuga-
tion at 110,000 gfor 45 min and resuspended in 100 mM KoHPO,
(KPi) and 5 mM NaCl, pH 8.0. Membranes were solubilized
in the aforementioned buffer in the presence of 20 mM (1%)
n-Dodecyl-B-p-maltopyranoside (DDM; Acros Organics) for 2 h.
Insoluble material was removed by ultracentrifugation at 85,000 g
for 45 min. To the SN an additional 200 mM KCIl (400 mM K
total) and 10 mM imidazole was added and mixed well before
batch incubation with Ni-NTA agarose resin (QIAGEN) for 1.5 h.
Resin protein slurry was poured onto a disposable column (Bio-
Rad Laboratories) and unbound protein was washed off with
10-column volumes of 20 mM imidazole in 100 mM KPi, 200 mM
KCl, and 10 mM (0.5%) DDM, pH 8.0. FL-KvLm and KvLm-PM
were eluted at 300 mM imidazole in an otherwise same buffer

composition. The typical yield of FL-KvLm and KvLm-PM was
~0.3 and 1.0 mg/L.

Giant proteoliposomes, several micrometers in diameter, can
be readily prepared by repeated cycles of freezing and thawing, or
by dehydration and subsequent rehydration. Several variations of
this method are widely used (Darszon et al., 1980; Saimi et al.,
1999; Cortes et al., 2001; Grigoriev et al., 2004; Cordero-Morales
etal., 2006a, 2006b). Their spherical configuration is documented
to favor the assembly of a single population of oriented channels
in the reconstituted bilayer, which is superior to that generated by
the planar bilayer geometry (for example Ruta et al., 2003, 2005;
Nimigean et al., 2004; Cordero-Morales et al., 2006a, 2006b).
Purified KvLm proteins were reconstituted into asolectin (L-a-phos-
phatidylcholine; Type IV-S; Sigma-Aldrich) liposomes (25 mg/
ml) suspended in 200 mM KCI and 5 mM HEPES, pH 7.0, by in-
cubating the mixture (lipid/protein mass ratios between 15 and 50
to 1) on ice for 15 min, followed by overnight dialysis in a 500-pl
Slide-a-Lyzer dialysis cassette (Thermo Fisher Scientific) with a
3.5-kD molecular weight cutoff against 1 L of dialysis buffer (200 mM
KCl and 5 mM HEPES, pH 7.0). The dialysis buffer was replaced
in full after 1 h and again after 12 h. The total dialysis time was
~16 h. The detergentfree proteoliposome mixture was then cen-
trifuged to remove insoluble material, and the SN was distributed
into 20-pg protein aliquots that were either frozen immediately
at —80°C or used to make giant proteoliposomes for patching.
Giant proteoliposomes were made by supplementing a dialysis
aliquot with 20-40 pl of asolectin liposomes (25 mg/ml), vortex-
ing briefly, and spotting 20-ul drops on a glass slide to be desic-
cated overnight to dryness at 4°C. In the morning, 20 pl of water
was used to hydrate the dried proteoliposomes. After >2 h of
incubation in a hydrating chamber, proteoliposomes were visi-
ble under the microscope and used for patching experiments
for that day. The final reconstituted protein/lipid ratios (wt/wt)
ranged between ~~1:300 and 1:2,000. This two-step reconstitution
procedure consistently generated a large fraction (>50%) of
patches with multiple- (1:~~300 ratio) or single-channel (1:1,000
to 2,000) activity.

Protein Analysis

Purified KvLm FL and PM were separated on 12% SDS-PAGE
(Fig. 2). Elution volumes and profiles from diagnostic size-exclusion
chromatography purification trials of FL-KvLm and KvLm-PM
indicated that the channels elute from the affinity column as a
homogeneous population of tetramers (not depicted). Positive
identification of purified targets was performed by blot analysis
(Santos et al., 2006).
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Single-Channel Recordings from Giant Proteoliposomes
Excised patches were used (Gambale and Montal, 1990). Pipette
and bath solution contained 200 mM KCI and 5 mM HEPES ti-
trated to pH 7.2 with KOH unless otherwise noted. For selectivity
measurements, chloride salts of K*, Na*, Cs*, and Rb* at 200 mM
replaced KCI in the bath solution. Complete exchange of bath
solution was accomplished by washing chamber by gravity flow
with 10 chamber volumes of new solution. Capillaries of borosili-
cate glass from both Sutter Instrument Co. and World Precision
Instruments were pulled to yield resistances of 5—15 MQ when
immersed in recording solution. Records were acquired at a sam-
pling frequency of >10 kHz and filtered online to 5 kHz with a
three-pole Bessel filter before digitization. For all records, the
holding voltage was 0 mV and the interpulse interval was >30 s.

Single-Channel Analysis

Data were analyzed using Clampfit v.9.2 software (MDS Analytical
Technologies), Excel 2007 (Microsoft), and IGOR Pro (WaveMet-
rics). Single-channel conductance () was calculated from Gauss-
ian fits to currents histograms. Probability density analysis provides
the number of open and closed states and the channel open (7,)
and closed (7.) lifetimes. The voltage dependence of channel
opening was calculated from measurements of the fraction of
time that the channel is open (F,) as a function of voltage, either
by integration of conductance histograms or from dwell time his-
tograms according to: P, = Nr,/T, where Nis the number of open-
ings, 7, is the mean open time, and 7'is the total recording time
at a given voltage (Labarca et al., 1985; Keller et al., 1986). Open-
ings to subconductance states were not included in calculations of
P,. All statistical values represent mean + SEM, unless otherwise
indicated. n and N denote number of experiments and number
of events, respectively.

The goal for the analysis of substates was only to catalog the ob-
served conductances. For the analysis of substates, records were
filtered to 2 kHz. Transition levels for the detection of events were
set only to current levels corresponding to full channel closing
and opening, with the exception for records at 200 mV for which
an additional level located between closed and open was added.
Transitions were identified in Clampfit using the implemented
threshold-crossing analysis method where in current deflections
that reach one-half of the full transition are included for analysis.
Transitions shorter than 0.1 ms were ignored. Transitions from
more than five experiments were combined to generate a current
histogram for each potential assayed. Substate conductance levels
were determined from a least-squares fit of a mixture of multi-
Gaussian functions to the current histograms in IGOR (WaveMet-
rics). The identification of a peak by fit was always cross-checked
against the trace. The error for each subconductance determined
from current histograms at 150, 180, and 200 mV was calculated
by error propagation using one-half of the full width of the fitted
Gaussian peaks at half-height as the associated error with each
level. For substate analysis of traces in 200 mM KClI, the identified
subconductance levels determined at these potentials were pooled
and binned according to size and the average values presented +
standard deviation.

Online Supplemental Material

To gain insight into module conservation in Kv channels, the
extent of sequence identity between every two sequences in an
alignment of 85 FL sequences of candidate bacterial Kvs with
the sequences of KvAP and KvLm was calculated (Fig. S1) for
the VSM (A, S1-S4), PM including S4-S5 linker (B, PM:S4-S5L-
S5-P-S6), and FL without N and C termini (C). The results of
this pairwise sequence identity comparison for each module are
plotted in a matrix in which each matrix element, correspond-
ing to a sequence identity value between two sequences in the
alignment, is color coded: 0-25% identity in white, 25-50% in

light gray, 50-75% in dark gray, and 75-100% in black. This rep-
resentation indicates that the number of light gray and black
matrix elements is significantly higher for the PM, implying that
the PM sequence in Kv channels is more conserved than the
VSM sequence, and that the voltage sensor contributes strongly
to Kv channel diversity. Fig. S1 is available at http://www.jgp
.org/cgi/content/full/jgp.200810077/DCI1.

RESULTS

Recombinant FL-KvLm and Its Pore Assemble as Tetramers
The segregation between voltage sensor and pore ob-
served in the crystal structures of wild-type and chimeric
Kv 1.2 (Long et al., 2005a; Long et al., 2007) suggests
that in eukaryotic Kv channels, sensor and pore may
fold independently. Because sequence alignments of Kv
channels of prokaryotic and eukaryotic origin exhibit
marked sequence conservation (Santos et al., 2006), we
queried whether in prokaryotic Kv channels the pore
could fold in the absence of the sensor. Analysis of an
alignment of a large number of prokaryotic Kv channel
sequences shows that the pores of all prokaryotic Kv
channels are remarkably alike (Fig. S1), approaching
universality as sequence homology in the selectivity fil-
ter and S6 come near identity (Fig. 1, A and B). Fig. 2
shows a Coomassie-stained SDS PAGE of purified FL-
KvLm (lane 2) and purified KvLm-PM (lane 3) used for
reconstitution. Both proteins migrate close to a molecu-
lar mass corresponding to a tetramer: FL-KvLm, 119 kD,
and KvLm-PM, 73 kD, indicating that the oligomers are
stable and resistant to SDS at room temperature. We
conjecture that correct oligomerization is mediated by
the correct folding of the pore subunits, an assumption
to be validated by the ensuing functional characteriza-
tion of the pore. The reported successful chimeric cou-
pling between voltage sensors and potassium-selective

M, KvLm
(kDa) FL PM

1 —
100 >
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50 »

37>

25>
20>
1 2 3

Figure 2. Purification of FL-KvLm and KvLm-PM. Coomassie-
stained SDS PAGE: (Lane 1) Mrstandards. (Lane 2) Purified FL-
KvLm. (Lane 3) Purified KvLLm-PM used for reconstitution. Both
proteins migrate close to a molecular mass corresponding to a
tetramer: FL-KvLLm, 119 kD, and KvLm-PM, 73 kD.
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pores and the structural characterization of the voltage
sensor from KvAP (Jiang et al., 2003; Chakrapani et al.,
2008) allow us to predict that independent module fold-
ing may be a general trademark of voltage-gated chan-
nels (Fig. 1 B).

FL-KvLm Gates and Conducts with the Same Properties
When Reconstituted in Liposomes or Heterologously
Expressed in E. coli Spheroplasts

The purified FL-KvLm after reconstitution in giant
asolectin proteoliposomes is a voltage-gated, outward
rectifier K'-selective channel. Currents were recorded
in symmetric 0.2 M KCI and 5 mM HEPES, pH 7.2.
Fig. 3 A displays a current record in response to contin-
uously cycled voltages of —150 to +150 mV. Notably, chan-
nel activity appears preponderantly at positive voltages.
Note a single opening at around —140 mV of the same
conductance as that elicited by the corresponding
positive voltage (V), yet with a distinctly lower open
probability (P,). This most likely reflects opening of a
single channel inserted in the membrane in the oppo-

A

site orientation. Fig. 3 B shows segments of a record
obtained at a constant negative V of —80, —100, and
—120 mV and the corresponding positive V; discrete
channel openings are clearly discerned only at positive V
with a y = 45 = 2 pS. These results are comparable to
those obtained for FL-KvLm expressed in spheroplast
(Santos et al., 2006) for which it was determined that the
FL-KvLm is a depolarization-activated channel, there-
fore suggesting that the orientation of the reconstituted
FL-KvLm is predominantly “inside-out.”

Sensor Removal Ablates Voltage Dependence

and Absolute Rectification

The purified KvLm-PM forms channels with characteristic
single-channel conductance and rudimentary voltage-
dependent gating properties dictated by the polarity
of the transmembrane potential. KvLm-PM channels
were reconstituted at low protein to lipid molar ratio
(LP ~1:300), and currents were recorded in symmetri-
cal 200 mM KCl and 5 mM HEPES, pH 7.2. This is shown
in Fig. 4. Current recordings under voltage clamp were

-80 mV 80 mV
5pA| Jm_— o e
A MY L . c
4100 mV 01s 400 mv
_ — - e A 4 01
Wi Bt ety oo g - c
120 mV 120 mvV
———————————————— —03
02
_01
AAPRAR AR AAA DA —kc

Figure 3.

The reconstituted FL-KvLm channel is voltage gated and rectifies strongly. Currents under voltage clamp of reconstituted FL-

KvLm channels in asolectin liposomes evoked by a voltage ramp (A) or at constant negative (B) and positive (C) potentials of 80, 100,
and 120 mV. Currents were recorded in symmetrical 200 mM KCI and 5 mM HEPES, pH 7.2.
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elicited by a voltage ramp (Fig. 4 A) or at constant nega-
tive (B) and positive (C) potentials of 50 and 100 mV.
These results are remarkable in several ways: (1) They
clearly demonstrate that the PM opens in the absence
of the sensor module, suggesting that a primary func-
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tion of the sensor module is to keep the channel closed,
a “gatekeeper” as referred to by Armstrong (2003). (2)
Inspection of the ramps shown for FL-KvLm in Fig. 3
with that of the isolated PM (Fig. 4) shows that the
residence time in the open state is much longer for

Figure 4. KvLm-PM forms
channels with characteristic
single-channel conductance and
vestigial voltage-dependent gat-
ing properties dictated by the
polarity of the membrane polar-
ization. KvLm-PM channels were
reconstituted at low protein to
lipid molar ratio, and currents
were recorded in symmetrical
200 mM KCI and 5 mM HEPES,
pH 7.2. Current recordings un-
der voltage clamp elicited by a
voltage ramp (A) or at constant
negative (B) and positive (C)
potentials of 50 and 100 mV.
Comparison of single channel
activity at 150 and 200 mV be-
tween patches with high (HP)
and low (LP) protein to lipid
molar ratio: (D-I) recording
at 150 mV and corresponding
all-point single-channel current
histogram at HP ratio (D and E)
and a recording at 150 mV at LP
ratio (F); recording at 200 mV
and corresponding all-point sin-
gle-channel current histogram
at HP ratio (G and H) and a
recording at 200 mV at LP ratio
(I). Time expansions of record-
ings at each potential showing
few representative transitions
between open and closed are
provided below each record.



FL-KvLm than for the PM. This is not a rigorous state-
ment, as we cannot ascertain the number of channels
in each patch. (3) The PM exhibits modest rectification
insofar as the channels open with a significantly lower
probability at negative than at positive voltages, yet is
conductive in both directions. Presumably, the PM is
tuned to conduct in a preferential direction to match
sensor activation. (4) The PM is oriented inside out
given that for the positive branch of the voltage ramps
the 43 + 2 pS single-channel chord conductance of PM
matches the 45 + 2 pS of FL-KvLm (Figs. 3 and 5). (5)
The PM displays a very low open probability therefore
precluding an accurate determination of the number of
channels in a given patch. This is shown in Fig. 4 (D-I),
which displays a comparison of single-channel activity at
150 and 200 mV between patches with high (HP) and
low (LP) protein to lipid molar ratios: recording at 150 mV
and corresponding all-point single-channel current his-
togram at HP ratio (D and E) and a recording at 150 mV
at LP ratio (F); and recording at 200 mV and corre-
sponding all-point single-channel current histogram
at HP ratio (G and H) and a recording at 200 mV at
LP ratio (I). Time expansions of recordings at each po-
tential showing few representative discrete transitions
between open and closed are provided below each re-
cord; y = 41 + 2 pS at 150 mV and 37 + 2 pS at 200 mV .
Clearly, the open probability with three simultaneous
open channels is similar to that with one open chan-
nel. Therefore, our comparative analysis with FL-KvLm
is restricted to current voltage and NP, relationships
(see Fig. 5). (6) The PM does not appear to undergo a
time- or voltage-dependent loss of activity, therefore any
inactivation in FL-KvLm must necessarily arise from
a conformation of the PM imparted by the sensor.
(7) Reconstitution at high protein to lipid ratios aug-
ments channel density in the patch. Furthermore, the
channel properties are indistinguishable regardless of
whether the channel was reconstituted at a low or high
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protein to lipid ratio; evidently, the records obtained at
low ratios are authentic.

The reconstituted KvLm-PM retains the single-chan-
nel conductance features of FL-KvLm but not the volt-
age-dependent asymmetry. This is illustrated in Fig. 5.
Single channel current-voltage (I-V) relationships in
symmetric 0.2 M KCI for FL-KvLm (Fig. 5, filled square;
n=5) and KvLm-PM (open circle; n = 7) are shown in
panel A, and the voltage dependence of channel open-
ing for FL-KvLm (filled squares) and KvLm-PM (open
circle) are shown in panel B. At depolarizing potentials,
the single-channel -V curve is ohmic from 0 to 150 mV
with a slope conductance of 43 + 2 pS, as calculated from
single-channel current amplitude histograms (Keller
et al., 1986); vy of the isolated PM and of the FL-KvLm
are, therefore, indistinguishable. This result in and of
itself indicates that the PM oligomerizes within the
membrane to a native state. When the isolated PM is re-
constituted in liposomes under conditions equivalent
to those used in our spheroplast study, which included
40 mM MgCl, (Lundby et al., 2006; Santos et al., 2006),
v is attenuated to ~16 pS (not depicted) in fair agree-
ment to 18 pS displayed in spheroplasts. The I-V plot
(Fig. 5 A) and the NP,-V plot (B) show no data on the
negative branch for FL-KvLm, in accord with its voltage-
dependent asymmetry (see Fig. 3). For the reconsti-
tuted PM, currents are measurable at negative voltages
(Fig. 5 A), yet the open probability is virtually null (Fig.
5 B). The single-channel conductance of KvLm-PM is
asymmetrical: at =100 mV it is 80 + 10 pS, ~2.0 times
larger than at +100 mV, in agreement with the y asym-
metry observed in single-channel recordings of Shaker
in symmetrical condition (Heginbotham and MacKinnon,
1993). This directional asymmetry in single-channel
conductance could arise from the asymmetrical charge
distribution between the outer and inner mouths of
the channel, regions in which single mutations that add
or remove a formal charge have a large impact on vy

Figure 5. The KvLLm-PM retains

the single-channel conductance

{ but not the voltage dependence
of the FL-KvLm at depolarizing

membrane potentials. (A) Sin-

gle-channel I-V relationships in

E 200 mM of symmetric KCI for FL-
KvLm (filled square; n = 5) and

KvLm-PM (open circle; n = 7).
(B) Voltage dependence chan-
nel opening for FL-KvLm (filled
squares) and KvLm-PM (open
circle). All values plotted + SEM.
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(Nimigean et al., 2003). Alternatively, the asymmetry
could emerge from non-energetically equivalent con-
duction paths through the filter due to the graded affin-
ity of different binding sites within the filter for the ion
(Berneche and Roux, 2005), a feature which appears to
be of significance for numerous Kv pores. The NP,-V
plot (Fig. 5 B) shows that at 100 mV, the PM is 60-fold
less likely to be in a conducting conformation than the
FL (NP, PM = 0.002, NP, FL. = 0.12). Therefore, the in-
trinsic voltage dependence of the isolated PM is drasti-
cally modulated when in the context of the FL. channel
given that the FL-KvLLm does not show saturation (Fig.5B),

even at the highest voltage assayed (V = 120 mV).
This is in accord with our results on spheroplasts for
which the Vo, the voltage at which half of the chan-
nels are open, is 152 mV (Lundby et al., 2006; Santos
et al., 2006).

KvLm-PM Is Exquisitely Cation Selective

The reconstituted KvLm-PM displays exquisite selectiv-
ity for K as shown in the detailed analysis provided in
Fig. 6. Fig. 6 A displays currents under voltage clamp
from excised membrane patches of the KvLm-PM re-
constituted at HP ratio in asolectin proteoliposomes
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Figure 6. The KvLm-PM is exquisitely selective for K*. (A) Currents under voltage clamp of the KvLLm-PM reconstituted at HP ratio in
asolectin liposomes evoked by a voltage ramp recorded in symmetrical 200 mM chloride salt of K* (red), or with 200 mM K' on pipette
and 200 mM Cs* (black), Rb* (green), and Na* (blue) in bath. Traces were recorded successively from a single experiment in the order
presented. (B and C) 100- or 250-msec time expansions taken from the ramps shown above at depolarizing (B) and hyperpolarizing (C)
membrane potentials. Segments and boundaries of the voltage ramp are depicted in the box under the corresponding current recording.
Currents carried by ion in pipette (K') are shown in red. Currents carried by ion in bath are shown according to the ramp color scheme.
Current levels are shown and labeled whenever clear transitions of uniform conductance could be measured: for symmetric K* in both
membrane polarities and in asymmetrical K'/Rb" at hyperpolarizing membrane potentials. The ionic radius shown for each cation is

the Pauli ionic radius.
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evoked by a voltage ramp and recorded in symmetric
0.2-M chloride salts of K" (red), or with 200 mM K" in-
side the pipette and 200 mM Cs® (black), Rb" (green),
and Na® (blue) in the bath. Traces were recorded suc-
cessively from a single experiment in the order pre-
sented. 100- or 250-msec time expansions taken from
the ramps shown above at depolarizing and hyperpolar-
izing membrane potentials are displayed in Fig. 6
(B and C). Segments and boundaries of the voltage
ramp are depicted in the box under the corresponding
current recording. Currents carried by the ion in the pi-
pette (K) are shown in red. Currents carried by the ion
in the bath are depicted according to the ramp color
scheme. Current levels are shown and labeled whenever
clear transitions of uniform conductance could be mea-
sured, namely for symmetric K" in both membrane po-
larities and for asymmetrical K'/Rb" at hyperpolarizing
membrane potentials. The ionic radius shown for each
cation is the Pauli ionic radius.

The PM channel is highly permeable to K', margin-
ally permeable to Rb*, and impermeable to Na* and Cs*
(Fig. 6, A and B), in agreement with results from FL-
KvLm recorded in patches excised from spheroplasts
(Lundby et al., 2006; Santos et al., 2006). Under hyper-
polarizing voltages, the PM channel appears blocked
when a K' current is driven against Na® or Cs', but
not against Rb" or K (Fig. 6 C); note the short-lived,
flickering, and inhomogeneous transitions, all features
characteristic of channel block (Hille, 2001). This re-
sult suggests that Na" and Cs" access the filter region
and bind there with different affinity. Alternatively, or
simultaneously, the preceding depolarizing pulse that
loads the cavity with Na" or Cs" could deplete the filter
of K" without replenishing it with Na’, thereby induc-
ing a conformational change in the filter to a non-
conductive conformation (Zhou et al., 2001), which
is not readily reversible when attempting to reoccupy
the ion-binding sites from the extracellular side with
K'. Although we cannot rule out a contribution from
either mechanism, the larger decrease in channel con-
ductance when driving K" conduction against Cs* than
against Na' highlights a strong contribution from the
proposed ion-specific block at the filter. In accordance,
conduction in symmetric K' in the hyperpolarization
direction is shown to promote channel closures within
an open burst, significantly decreasing the apparent
mean open time.

The Rb" permeability through the KvLm-PM is finite,
yet the permeability ratio of Rb" to K" is extremely low.
This is shown in Fig. 7. For this analysis, currents were
measured at high ionic strength to increase the signal
to noise ratio. Currents were evoked from a holding po-
tential of 0 mV to depolarizing potentials of 100, 150,
and 200 mV in symmetric 0.5 M KCl (Fig. 7 A, red) or
0.5 M RbCl (B, green) and 5 HEPES, pH 7.2. For the
Rb" currents, the sections delimited by the black lines

are displayed at a higher gain above the corresponding
records. These recordings were obtained from prepara-
tions generated from the same purification batch and
reconstituted at the same protein to lipid ratio. Of note
is the significantly longer mean open time in Rb* than
in K', consistent with a longer residence time of Rb" in
the filter region. This is a remarkable result insofar as
the reconstituted PM recapitulates the prolonged resi-
dence time in the open state when the selectivity filter is
occupied by Rb', a feature known to occur in Shaker Kv
channels (Swenson and Armstrong, 1981). The single-
channel I-V relationships and the voltage-dependence
of channel opening in symmetric 0.5 M KCI (Fig. 7, red
bar; n=5) and RbCl (green bar; n=5) for KvLm-PM are
displayed in panels C and D. All values plotted + SEM.
v is approximately twofold higher in symmetric 0.5 M KCI
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Figure 7. The Rb" permeability through the KvLm-PM is finite,
yet the permeability ratio of Rb* to K" is extremely low. Currents
evoked from a holding potential of 0 mV to depolarizing poten-
tials of 100, 150, and 200 mV in symmetrical 0.5 M KCI (A, red)
or 0.5 M RbCl (B, green) and 5 HEPES, pH 7.2. For the Rb* cur-
rents, the sections delimited by the black lines are displayed at
a higher gain above the corresponding records. Currents traces
in 0.5 M KCI were filtered to 2 kHz, whereas those in 0.5M Rb
were filtered to 500 Hz. (C) Single-channel I-V relationships in
symmetric 0.5 M KClI (red bar; n = 5) and RbCl (green bar; n = 5)
for KvLm PM. Normalized voltage dependence of KvLm-PM
opening in 0.5 M KCI (red) and RbCl (green). All values plot-
ted + SEM.
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than in 0.2 M KCl (Fig. 5). The Rb*/K' conductance ra-
tio is £0.16. Thus, the voltage dependence of KvLm-PM
opening appears unaltered by high ionic strength, vali-
dating the fidelity of the results.

Tetrabutylammonium (TBA) Blocks Currents in KvLm-PM
and FL-KvLm with High Affinity

The results summarized thus far strongly support the
view that the PM is sufficient to recapitulate the conduc-
tion and permeability features that are characteristic of
the FL channel. How about channel blocking? As shown
in Fig. 8, TBA blocks both the FL-KvLm channel and its
isolated PM with high affinity. Fig. 8 A displays TBA
blocking of KvLm-PM single-channel currents at the in-
dicated TBA concentration; TBA was supplemented
only to the bath compartment, presumed to be cyto-
plasm. The records are displayed at slow-time resolution
to convey the time course and extent of block. Three
channels are present that exhibit a progressively smaller
conductance and a bursting pattern of channel activity,
which arises from transitions between open and blocked
states. The fast flicker of channel current combined
with a reduced +y are hallmark features of channel block
(Hille, 2001). These results for KvLLm-PM are in accord
with the results for FL-KvLm (Lundby et al., 2006; Santos
et al., 2006). Fig. 8 B shows the fraction of blocked
FL-KvLm (filled squares) and KvLm-PM (open circles)
channels at micromolar concentrations of TBA; mem-
brane potential was held at 100 mV. The best fit to the
data with “Fraction of blocked channels = 1/(1 + K/
[TBA])” is shown with Ky values of 0.36 + 0.01 pM for
FL-KvLm and 27 + 2 pM for KvLm-PM.

Thus, TBA blocks the isolated PM with uM affinity,
and the FL-KvLm with nM affinity in agreement with
our previous study on membrane patches from bacte-
rial spheroplasts (Lundby et al., 2006; Santos et al.,
2006), and with a plethora of studies from several mem-
bers of the Kv channel family (Armstrong and Hille,
1998). The implication of these results is that the ter-
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tiary structure of the PM in isolation, as an indepen-
dent entity, or when integrated with the sensor in the
context of di-modular KvLm channel is similar. Given
that TBA block of K'selective channels requires the chan-
nel to open (French and Shoukimas, 1981; Liu et al.,
1997; Faraldo-Gomez et al., 2007; Yohannan et al., 2007)
it is likely that the notable difference in K; between
PM and FL reflects the low open probability of the
KvLm-PM.

Sensor Clipping Discloses Subconductance States

In current recordings with a high channel density,
KvLm-PM opens to conduct current a fraction of the
size of the whole single channel current (Fig. 9, B, C,
and E, S1 and S2). To characterize these subconductance
states, all-point current histograms from five traces re-
corded at 150, 180, and 200 mV were combined and fit
with multi-peak Gaussian (Fig. 9, A, D, and F). This
analysis clearly identified the presence of at least two
subconductance states: S1 with an average y of 15 + 4
PS (37 £ 9% of the open ), and S2 with an average vy
of 32 £ 3 pS (78 + 7% of the open v) (see Fig. 9 G).
Time-expanded current traces at 150 and 180 mV (Fig. 9,
C and E) show that residency in either state need
not be en route to full channel opening; this is espe-
cially clear for S1, a substate in which the channel can
dwell for milliseconds before closing. In contrast to vis-
its to S2 that appear to occur with equal frequency in
the voltage range tested, visits to S1 are seen to occur
more frequently at potentials below 200 mV, the mem-
brane potential at which P, for the KvLm-PM is highest
(Fig. 5 B). Also, unlike residency in S1, residency in
the S2 sublevel has been observed consistently to be of
very short duration and could therefore be attributed
to transitions within open-channel noise or incom-
plete captures of the full transition limited by the
resolution of the recording. Admittedly, the current
trace evoked from a pulse to 150 mV displays several
long-lasting transitions to a current level that is ~40%

Figure 8. TBA blocks FL-KvLm
and KvLm-PM with high affin-
ity. (A) TBA blocking of KvLm-
PM single-channel currents at
the indicated TBA concentra-
tion. (B) Fraction of blocked
FL-KvLm (filled squares) and
KvLm-PM (open circles) chan-
nels at micromolar concentra-
tions of TBA. The best fit to the

0 [TBA] uM 500 data with “Fraction of blocked

0

channels = 1/(1 + Ky/[TBA])”
is shown with K values of 0.36 +
0.01 mM for FL-KvLm and 27 +
2 mM for KvLm-PM. Inset shows

1 1 1 1 1
100 200 300 400 500
[TBA] uM

the dependency of the mean open time of the KvLm-PM first open channel at each TBA concentration. Because the number of channels
in each patch cannot be accurately determined, this plot is intended to provide only an overview. Membrane potential was 100 mV. All

values are reported with + SEM.
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of S1, which we shall call SO. The best fit to the sum
histogram clearly did not have a Gaussian peak at this
current level; therefore, we surmise that we were not
able to collect enough transitions to this level from the
five experiments pooled. The agreement between per-
cent y of KvLLm-PM substates and substates recorded in
eukaryotic Kv channels suggests a common origin for
the substate: conduction through channel oligomers
in which less than four subunits are activated (Hoshi
etal., 1994; Chapman etal., 1997; Zheng and Sigworth,
1997, 1998; Zheng et al., 2001; Chapman and VanDongen,
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2005). Therefore, we tentatively assign SO, SI1, and
S2 substates to conduction through oligomers with
one, two, or three subunits in the conductive confor-
mation. This interpretation, over for example a substate
originating from different size oligomers or conduc-
tion through intra-subunit pathways, is justified by
three additional lines of evidence: (1) the KvLm-PM
population of channels reconstituted is observed to be
homogeneously tetrameric by size-exclusion chroma-
tography and by SDS-PAGE in the presence of asolectin
(unpublished data); (2) replacement of NaCl by KCl
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The KvLm-PM exhibits two subconductance levels that are populated with decreasing frequency as the applied potential is

increased. Single-channel current histograms (A, D, and F) were accumulated from recordings at 150, 180, and 200 mV on five patches
from five different reconstitution events. Two of the traces recorded at 150 and 180 mV showing the presence of substates are presented
in B, C, and E. The transition threshold levels for identifying a transition between levels were set so as to pick up the most number of
transitions without artificially enhancing noise. The records were digitized at 10 kHz and filtered to 2 kHz for display (B, C, and E) and
analysis. The conductance of the sublevels was determined from Gaussian fits to the all-point current histogram and displayed in bar
graph format (no fill, S1; gray fill, S2; black fill, Open) at each test potential in G. A total of 3,855, 5,246, and 3,153 events from record-

ings at 150, 180, and 200 mV were analyzed.
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in growth media is highly toxic to bacteria expressing
KvLm-PM but not FL-KvLLm; and (3) the conductance
of each substate varies nonlinearly with the number of
predicted subunits in the conductive form. The obser-
vation of conduction substates with high frequency in
KvLm-PM but not in FL-KvLm suggests that in the ab-
sence of the sensor, cooperativity in pore opening—
seen in the concerted activation of all four channel
subunits into a single conductive conformation in FL-
KvLm—is affected, especially at potentials below 200 mV,
but clearly not abolished. It is surmised that the con-
certed opening of the pore in FL-KvLm is in part
attributed to a property of the pore alone.

DISCUSSION

Identification of Two Gates in the KvLm PM

An important inference from the results presented
here is that the KvLm-PM can activate on its own, sug-
gesting that the open and closed conformations of the
pore exist in close energetic equilibrium. Evidence
that Na" and Cs* can be loaded onto the internal cav-
ity of the channel (see Fig. 6 C) only to be removed
by forcing K' to pass in the opposite direction evok-
ing a conduction phenotype that resembles that of a
blocked channel strongly supports the conclusion that
a failure to conduct Na" or Cs* by the KvLm-PM is not
due to the inaccessibility of these ions to the inside
of the channel. Likewise, the ability to block the chan-
nel with TBA, an open-channel blocker (French and
Shoukimas, 1981; Liu et al., 1997; Faraldo-Gomez et al.,
2007; Yohannan et al., 2007), which like other qua-
ternary ammonium compounds (Armstrong, 1971)
blocks currents through K'selective pores from the
intracellular side, shows that the gate of the channel
opens wide enough from the cytoplasmic side to let
the blocker through. These results validate the view
that the gate in the pore of KvLm opens as wide in the
sensorless KvLm-PM as in FL-KvLm. Collectively, TBA
block and accessibility of Na" and Cs' to the channel
cavity support the postulate that there are two gates
in KvLm-PM, one near the cytoplasmic side suggested
to arise from the S6 helix bundle crossing (Liu et al.,
1997), and the other near the extracellular bound-
ary as proposed for other eukaryotic Kv channels
(Armstrong et al., 1982; Miller et al., 1987; Berneche
and Roux, 2005). Furthermore, the asymmetry observed
in single-channel conductance at every polarity tested
strongly suggests that the conduction path between
the two gates is not equally favorable in either direc-
tion. Conceivably, this arises from non-energetically
equivalent paths through the filter region of the chan-
nel, in agreement with the apparent decrease in the
mean open time when conducting in the hyperpolar-
izing direction.

Comparison between Subconductance States in KvLm

and Other Kv Channels

It is widely recognized that the detection frequency of
conduction substates in eukaryotic Kv channels is low
(Hoshi et al., 1994; Chapman et al., 1997; Zheng and
Sigworth, 1997; Schoppa and Sigworth, 1998a), presum-
ably because residency time is short relative to the ac-
quisition and filtering rates (Zheng and Sigworth, 1998;
Shapovalov and Lester, 2004; Chapman and VanDongen,
2005). These surmised invisible transitions are discerned
by adding mutations to the sensor (Chapman et al,,
1997) or pore (Zheng and Sigworth, 1997, 1998; Zheng
etal., 2001), which presumably act by slowing down the
final step in channel activation. Alternatively, substates
can be drawn out from heteromultimeric assemblies
of Kv channel subunits that differ either in the voltage
range of activation (Chapman and VanDongen, 2005)
or in conductance (Zheng and Sigworth, 1998). In
homomultimeric wild-type Kv channels, Hoshi et al.
(1994) reported Shaker channel openings to 30 and
60% of the full open vy, whereas Chapman et al. (1997)
and Chapman and VanDongen (2005) reported sub-
conductance levels of 15, 37, 58, and 82% of the full
open drkl channel y and rigorously assigned them
to heteromeric pore conformations in which one, two
(87 and 58%), or three subunits are in the conductive
mode. From the analysis of these substates, a subunit ac-
tivation model was proposed that predicts that the oc-
cupancy of subconduction states is limited at potentials
at which the open probability of the Kv channel satu-
rates (Chapman and VanDongen, 2005). The observed
increased frequency of conduction substates in KvLm-
PM at potentials below which the NP,-V curve is highest
in accord with the proposed model, as are the conduc-
tances of the substates: S1 is 37 + 9% and S2 is 78 = 7%
of the full open, all subunits in conductive mode, i.e.,
41 + 2 pS. Although we could not detect enough transi-
tions into a substate with a single subunit in the conductive
state (15% of drkl v), we did observe in several record-
ings at 150 mV subconductance states ~40% of S1 or
~15% of the single-channel conductance of KvLm-PM
(see Fig. 9 C). The striking agreement between model
predictions and observed KvLm-PM subunit gating al-
lows a speculative assignment of S1 and S2 to conduc-
tion through oligomers with two and three subunits in
the conductive conformation. It also argues that con-
duction through the pore of a sensorless Kv channel is
not an all-or-nothing event.

Semblance between PM Gating Transitions

and the Last Transition Preceding Kv Channel Opening
The striking similarities between subconductance states
in KvLm-PM and in eukaryotic Kv channels, and the re-
markable equivalence of the single-channel conduction
properties of KvLm-PM and FL-KvLm, are interpreted
as an indication that the observed gating transitions in
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KvLm-PM manifest the last structural transition in the
pore preceding the onset of ion conduction through
Kv channels. In KvLm-PM, pore subunits are observed
to gate independently with rudimentary voltage depen-
dence. The increased frequency of conduction substates
at potentials below which the NP,-V curve is highest is
interpreted as evidence that each subunit is gated in-
dependently by the membrane potential. At saturating
membrane potentials, the channel appears to open co-
operatively because the subunit dependence on V has
saturated (see Fig. 5 B). This assertion is validated by
the demonstration that selective analysis of transitions
between open and closed, excluding transitions to and
from subconductance states, shows a marked increase in
the channel open probability (Figs. 5 B and 7 D). The
drastic decrease in pore opening probability and conser-
vation of concerted pore opening in KvLm-PM suggests
that the sensor plays two major roles in KvLm: (1) to keep
the channel closed; and (2) when a sensor subunit is ac-
tivated to act as an allosteric modulator by shifting the
equilibrium of the physically attached pore subunit from
resting toward activated state, as proposed by Chapman
and VanDongen (2005) for the drkl channel and by
Zheng and Sigworth (1998) for the Shaker channel. Our
results suggest that in eukaryotic Kv channels, the last
transition before the start of ion conduction may have
a contribution from charge movement within each pore
subunit in response to the applied field, as suggested by
Zheng and Sigworth for Shaker (Zheng et al., 2001). In
their gating model, Zheng and Sigworth endorse the hy-
pothesis that this charge movement is correlated with a
conformational change at the upper (extracellular fac-
ing) gate largely because they find that the Shaker mu-
tant studied exhibits nonselective subconduction states.
Because in KvLm-PM we find no evidence for loss of
selectivity during subconduction, we suggest that even
though the upper gate may change conformation in this
last step, the charge movement initiating this conforma-
tional change may also lie somewhere else, possibly at
the S4-S5 linker that is included in the KvLm-PM con-
struct, and is proposed to interact specifically with S6 to
mechanically couple sensor activation to pore gating in
eukaryotic Kv channels (Lu etal., 2001, 2002; Long et al.,
2005b; Pathak et al., 2007). Therefore, the last structural
transition in FL-KvLm only appears to be cooperative be-
cause each of the four sensors positions the attached pore
subunit ready to conduct in close synchrony, but in es-
sence there is little evidence that the shift from activated
and nonconductive to activated and conductive state is
cooperative. This interpretation argues that Kv channels
in which pore subunit activation has been slowed down
will exhibit conduction substates and that these substates
will differ from those observed in wild-type Kv channels
only in their residency time but not in their identity. This
indeed has been shown for eukaryotic Kv channels drkl
and Shaker and now also for the prokaryotic KvLm.

Concluding Remarks

Our analysis has been guided by the fundamental tenet
that voltage-gated channel proteins are modular in de-
sign, and that the coupling between the component
modules underlies their exquisite sensitivity to voltage.
The results reported here support the modular design
of Kv channels in terms of the structural and functional
independence of voltage sensing and PMs. If the pore
of eukaryotic Kv channels is at all like that of KvLm, ex-
periments on a sensorless Shaker channel should prove
very informative but equally daunting. The expression
of the KvLm-PM is toxic at low K" concentrations, pre-
sumably because E. coli is unable to cope with an errant
gating K'selective pore when the inward driving force is
~100 mV (assuming a resting potential of —200 mV in
E. coli) (Meury and Kepes, 1981). In support of this in-
terpretation for bacterial toxicity is our inability to ex-
press KvLm-PM in TK2420 cells (Buurman et al., 2004),
astrain that requires >10 mM KCl in growing media and
presumably copes with an ~—300-mV resting potential
(Madrid et al., 1998), which also precluded us from as-
saying KvLm-PM function in spheroplasts. However, be-
cause toxicity was specific to K" in the growing media—a
tribute to the selectivity of the KvLm-PM—and given
the unparallel freedom in manipulating bacterial versus
eukaryotic cell growth media, such experiments were
feasible in E. coli. Nonetheless, it was the documented
functional and structural modularity of eukaryotic Kv
channels that drove the hypothesis behind this study,
and yet we unveil in the prokaryotic KvLm-PM subcon-
ductance states a similarity to those observed in mutant
eukaryotic Kv channels. There are still many lessons on
the workings of eukaryotic Kv’s to be learned from the
characterization of their prokaryotic counterparts.
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