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Voltage-gated K channels assemble from four identical subunits symmetrically arranged around a central permeation
pathway. Each subunit harbors a voltage-sensing domain. The sigmoidal nature of the activation kinetics suggests
that multiple sensors need to undergo a conformational change before the channel can open. Following activation,
individual K channels alternate stochastically between two main permeation states, open and closed. This binary
character of single channel behavior suggests the presence of a structure in the permeation pathway that can exist
in only two conformations. However, single channel analysis of drk1 (K

 

v

 

2.1) K channels demonstrated the existence
of four additional, intermediate conductance levels. These short-lived subconductance levels are visited when the
channel gate moves between the closed and fully open state. We have proposed that these sublevels arise from
transient heteromeric pore conformations, in which some, but not all, subunits are in the “open” state. A minimal
model based on this hypothesis relates specific subconductance states with the number of activated subunits
(Chapman et al., 1997). To stringently test this hypothesis, we constructed a tandem dimer that links two K channel
subunits with different activation thresholds. Activation of this dimer by strong depolarizations resulted in the
characteristic binary open–close behavior. However, depolarizations to membrane potentials in between the
activation thresholds of the two parents elicited highly unusual single channel gating, displaying frequent visits to
two subconductance levels. The voltage dependence and kinetics of the small and large sublevels associate
them with the activation of one and two subunits, respectively. The data therefore support the hypothesis that
subconductance levels result from heteromeric pore conformations. In this model, both sensor movement and
channel opening have a subunit basis and these processes are allosterically coupled.

 

I N T R O D U C T I O N

 

Kinetic analyses of K currents in squid axon led Hodg-
kin and Huxley to propose a model for activation of
voltage-gated channels in which four identical and in-
dependent charged particles need to translocate across
the membrane to allow ion permeation (Hodgkin and
Huxley, 1952). When voltage-gated ion channels were
cloned several decades later, they were indeed found to
consist of four domains or subunits, each containing a
highly charged segment that traverses the membrane
during activation (Yang and Horn, 1995; Larsson et al.,
1996; Cha et al., 1999; Jiang et al., 2003). Models of
voltage-dependent activation have become more com-
plex, but most still assume that all four voltage sensors
must move before channels can open (Sigworth, 1993;
Bezanilla and Stefani, 1994; Zagotta et al., 1994). Stud-
ies of single channel behavior have shown that they al-
ternate stochastically between two current levels, open
and closed (Neher and Sakmann, 1976; Sigworth and
Neher, 1980). The open and closed states must corre-
spond to two distinct conformations of the permeation
pathway. Crystal structures of bacterial K channels in-
deed reveal striking differences between the closed

KcsA channel and the “opened” MthK channel (Doyle
et al., 1998; Jiang et al., 2002), supporting the idea that
the channel gate is formed by a cytoplasmic constriction
(Armstrong, 1971; del Camino and Yellen, 2001). Re-
cent experiments using soft-metal cysteine bridges in
the 

 

Shaker

 

 K channel suggest that the structural differ-
ences between the open and closed channel may be
much smaller, with a relatively narrow cytoplasmic con-
striction in both states (Webster et al., 2004).

The idea that channel gating is “binary” in nature is
challenged by the occurrence of conductance levels
that are intermediate between the closed and open
state. Such subconductance levels (sublevels) can be
observed in high-resolution recordings of many ion
channels. In the drk1 (K

 

v

 

2.1) K channel, short-lived
sublevels were found to be associated with transitions
between the closed and fully open state (Chapman et
al., 1997). Because the K channel pore receives identical
contributions from four subunits, we have suggested
that the sublevels represent distinct heteromeric pore
conformations, in which some but not all subunits are
in a conformation that supports ion permeation (Fig. 1
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A). It is important to critically test this hypothesis be-
cause it implies that gating and permeation are strictly
coupled (VanDongen and Brown, 1989; VanDongen,
1992; Chapman et al., 1997; VanDongen, 2004b). Un-
der standard recording conditions, most open–closed
transitions appear smooth, with little evidence of visits
to sublevels, which may be too short-lived to survive the
inevitable low-pass filtering (Fig. 1, B–E). However, sin-
gle channel recordings of large-conductance channels
with very high time resolution revealed that open–
closed transitions are not simple and smooth, but in-
stead have a complex fine-structure (Fig. 1 B) character-
ized by visits to subconductance levels (Miodownik and
Nonner, 1995; Shapovalov and Lester, 2004).

The heteromeric pore model (Fig. 1 A) is responsi-
ble for the intrinsic gating behavior of the channel
(Fig. 1, F and G). In voltage-gated channels, this behav-
ior is allosterically controlled by the movement of the
voltage sensors. A minimal subunit-based model was
proposed for voltage-gated K channels (Chapman et
al., 1997), which represents a subset of the general allo-
steric model for a protein with four subunits and two
tertiary states (Changeux and Edelstein, 1998). This
model predicts that sublevels should be more prevalent
when the channel is partially activated, which was con-
firmed for drk1 (Chapman et al., 1997). Activation-
dependent sublevel behavior has also been demon-
strated for the 

 

Shaker

 

 K channel (Zheng and Sigworth,
1997; Zheng and Sigworth, 1998), as well as for AMPA
receptors (Rosenmund et al., 1998) and cGMP-gated
channels (Taylor and Baylor, 1995).

Here we submit this subunit-subconductance hypoth-
esis to a rigorous test, using a K channel in which indi-
vidual subunits can be selectively activated. Subunit-spe-
cific activation was achieved by linking two subunits with
different activation thresholds in a tandem-dimer con-
struct (Krovetz et al., 1997; Chapman et al., 2001). If ac-
tivation of all four subunits is required for channel
opening, then dimeric K channels should only open fol-
lowing step depolarizations that exceed the highest acti-
vation threshold. The subunit-subconductance hypothe-
sis, however, predicts that channel openings should be
observed at membrane potentials in between the two
thresholds. In addition, this channel activity should be
dominated by visits to two subconductance levels, result-
ing from activation of the two low-threshold subunits.
Furthermore, the voltage dependence and kinetics of
the two sublevels and the open state should reflect the
activation properties of the parent subunits.

 

M A T E R I A L S  A N D  M E T H O D S

 

Molecular Biology

 

Mutagenesis was performed using polymerase chain reaction
(PCR) and drk1 in the pBluescript plasmid vector. Oligonucle-

otides were designed using the OLIGO software (National Bio-
sciences, Inc.). Mutagenesis of small restriction fragments was
performed by the “Megaprimer” technique (Sarkar and Sommer,
1990). Mutated fragments were sequenced using a 7-deaza-GTP
DNA sequencing kit (Amersham Biosciences). Plasmid DNA was
linearized using the Not I restriction enzyme. Sense RNA was
transcribed using T7 RNA polymerase. RNA was capped using
m7Gppp(5

 

�

 

)G.

 

Construction of Dimers

 

Dimers were constructed using a SphI restriction site located at
nucleotide 1700 in the COOH terminus of drk1 (amino acid
560). A novel drk1 construct was made by introducing an SphI
restriction site 20 nucleotides upstream of the start codon, which
maintains the reading frame at nucleotide 1700 and introduces
four glycine residues. Digestion of this vector with SphI yielded a
1.7 kb fragment encoding amino acids 1–560. This fragment was
ligated into a drk1 construct linearized with SphI to produce the
tandem dimer. Ion selectivity and activation properties of the
wild type–wild type dimer were indistinguishable from the wild-
type subunit expressed as a homo-tetramer (Krovetz et al., 1997).

 

Electrophysiology

 

Oocyte preparation and cRNA injection were done as previously
described (VanDongen et al., 1990). Defolliculated oocytes were
placed in a recording chamber perfused with the following solu-
tion (concentrations in mM): 100 NaCl, 2 KCl, 1 MgCl

 

2

 

, high-Na
solution: 100 NaCl, 1 MgCl

 

2

 

, 10 HEPES pH 7.2 with NaOH. K

 

�

 

currents were recorded using a commercial two-electrode volt-
age clamp amplifier (Warner Instruments). Oocytes were im-
paled with electrodes filled with 3 M KCl. The resistances of the
current and voltage electrodes were 0.3–1.5 and 1.0–4.0 MOhm,
respectively. Voltage pulse protocols and data acquisition were
managed by PClamp hardware and software (Axon Instru-
ments). Linear leak and capacitive currents were corrected us-
ing a P/4 protocol. Single channel currents were recorded from
cell-attached patches on manually devitellinized oocytes as previ-
ously described (Chapman et al., 1997). Patch pipettes were
fabricated from thin wall borosilicate (type 7740) capillaries
(TW150F, WPI), Sylguard (Dow-Corning Corp.) coated and fire
polished. Solutions were as follows (concentrations in mM):
bath, 100 KCl, 60 KOH, 10 EGTA, 10 HEPES, 2 MgCl

 

2

 

, pH 7.2
(HCl); pipette, 150 NMDG, 5 KCl, 5 KOH, 2 MgCl

 

2

 

, 2 CaCl

 

2

 

, 10
HEPES, pH 7.2(HCl). Data were acquired with an Axopatch 200
patch clamp amplifier, Digidata 1200 interface, and PClamp6
software (Axon Instruments Inc.). Currents were filtered at 1.5
kHz (

 

�

 

3 db, 4-pole Bessel filter), digitized at 5–10 kHz, and
stored on computer hard disk for offline analysis. Linear leak-
age and capacitative currents were corrected using a smoothed
average of empty traces.

 

Single Channel Analysis

 

Single channel behavior was idealized and statistically analyzed
using the TRANSIT software (VanDongen, 1996, 2004a). Ampli-
tude histograms were constructed as previously described (Chap-
man et al., 1997). Amplitude histograms of S-L dimer records al-
ways contained two intermediate open levels (referred to as Sub1
and Sub2) in addition to the fully open and closed states. Single
channel records from the S-L dimer were therefore first idealized
by the TRANSIT algorithm, and subsequently “interpreted”
(VanDongen, 1996) by assigning each dwell level to one of four
states: closed, Sub1, Sub2, or open. Ensemble averages were con-
structed by averaging idealized or interpreted traces. First latency
distributions were constructed by collecting from each record
the duration of the first closed time that preceded any openings.
Conditional open probabilities were constructed by removing
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the first closed time from each record (by reassigning the zero
time point to the beginning of the first opening) and averaging
the time-shifted records.

 

Modeling

 

The open probability (Po), first latency (FL), and conditional
open probability (COP) were estimated for each of the three
conducting states identified (Sub1, Sub2, and open) at both 0
and 

 

�

 

40 mV. This resulted in 18 curves that were fitted with vari-
ous Markov models. Curves for Po(t), FL(t), and COP(t) were
generated from of a set of differential equations corresponding
to a specific model. These model curves were obtained by Euler
integration using Microsoft Excel. Model parameters (rate con-
stants, allosteric coefficients, and initial conditions for the COPs)
were optimized by minimizing the sum of squared residuals

(RSS) between the data and the model using the Solver function
in Microsoft Excel.

 

R E S U L T S

 

The objective of the experiments described here is to
test the hypothesis that K channel sublevels result from
heteromeric pore conformations, in which some, but
not all subunits support ion permeation (Fig. 1). The
diagram shown in Fig. 1 A describes the intrinsic gating
behavior of the channel under the hypothesis. It im-
plies that open–close transitions are not all-or-nothing,
as is usually assumed, but rather have a complex fine-

Figure 1. Heteromeric pore confor-
mations and subconductance levels.
(A) When ion channels move from the
closed to the open state, a conforma-
tional change occurs in the pore. K
channels consist of four identical
subunits (indicated by squares in the
model) surrounding a central pore.
Each subunit makes an identical contri-
bution to the lining of the permeation
pathway. Therefore, when a K channel
opens, each subunit must change its
conformation from “closed” (black) to
“open” (white). Consequently, as the
channel moves between the homomeric
open and closed states, it must visit
heteromeric states (H1–H3), in which
some subunits are “open” and others
are “closed.” Due to the tight packing of
the subunits at the central pore region,
it is likely that the transitions between
the open and closed conformation are
highly cooperative. Therefore, the
heteromeric states H1–H3 are expected
to be very short-lived. The permeation
status of the heteromeric pore confor-
mations is not immediately clear. It is
conceivable that only the homomeric
open state is capable of permeating
ions. However, because subconductance
levels (sublevels) were usually associated
with transitions between the open and
closed state in drk1, we have proposed

that they arise from the heteromeric pore conformations H1–H3 (Chapman et al., 1997). Consistent with this idea, we have identified four
distinct sublevels in drk1-L, a mutant with a large single channel conductance (Chapman et al., 1997). This subunit-subconductance
hypothesis will be further tested in the remainder of this paper. (B) Single channel activity was simulated for the model shown in panel A
using an approach described previously (VanDongen, 2004a). The rate constants leaving the fully open and closed states were set to 8,000
s�1, while all other rate constants (leaving sublevels) were set to 32,000 s�1. The amplitude levels for the subconductance states (H1–H3)
were assigned values previously found for drk1-L (15, 37, 58, 82%). In this model, all gating transitions have a complex fine structure in
which the channel visits at least three of the four subconductance levels. A representative opening transition is shown with high time
resolution (and without noise or filtering), which follows the following itinerary: 0→15→58→37→15→58→82→100%. (C) The same
transition as in B, on a slower (more realistic) timescale. Note the difference in scale bars. (D) The same transition as in C, after addition
of Gaussian noise (standard deviation is 0.5 times the amplitude of the fully open state) and filtering (finite impulse response low-pass
filter with a four-pole Bessel characteristic, cutoff frequency is 5 kHz). Note that the transition appears smooth. (E) An opening transitions
taken from a single channel record of drk1 recorded in cell-attached mode at �40 mV. The record was low-pass filtered at 500 Hz. (F) The
entire 50-ms record from which the transition in B–D was taken is shown without noise or filtering. (G) The same record as in F, with
Gaussian noise added and after filtering (5 kHz). Note how most of the unsuccessful attempts to open or close that are seen in F do not
survive the low-pass filter. Also, most of the complexity and fine-structure present in the opening and closing transitions is lost. However,
occasionally a shoulder (arrow) can be observed, similar to those seen in wild-type drk1 (see Fig. 1 B in Chapman et al., 1997).
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structure (Fig. 1 B), the details of which are destroyed
by low-pass filtering under typical recording conditions
(Fig. 1 D). However, due to the exponential nature of
their lifetime distribution, unusually long-lived sublev-
els can occasionally occur and they may give rise to
“shoulders” in open–close transitions (Fig. 1 G, arrow).
Such shoulders were in fact observed in a small subset
of openings in the drk1 K channel (Chapman et al.,
1997). Additional support for the idea that channel
openings are not all-or-nothing binary events has come
from high-resolution, high-bandwidth recordings of
large conductance ion channels, which also suggested
that open–close transitions have a complex fine-struc-
ture (Miodownik and Nonner, 1995; Shapovalov and
Lester, 2004). Fig. 1 G illustrates the open–close behav-
ior of the channel as dictated by the heteromeric pore
model in Fig. 1 A. In voltage-gated K channels, this in-
trinsic gating behavior is controlled by membrane po-
tential, through the movement of the voltage sensors. K
channels assemble from four identical subunits, each

containing a sensor and each making a contribution to
a structure in the permeation pathway that controls
channel opening (Fig. 1 A).

To have more control over the activation of individ-
ual subunits, a dimer was constructed from two drk1
subunits with widely different activation thresholds.
The first subunit of this dimer encodes an S4 mutant,
drk1-S, in which the midpoint of activation is right
shifted by 70 mV (Fig. 2, A and C). The second subunit
in the dimer is a previously described mutant, drk1-L,
with a large single channel conductance but normal ac-
tivation midpoint (Fig. 2, B and C). Note that a mem-
brane potential of 0 mV represents the threshold for
activation of drk1-S and the activation midpoint for
drk1-L. After correction for the shift in activation mid-
point, the kinetics of activation for drk1-S and drk1-L
are comparable (Fig. 2, A and B).

Single channel behavior of the two parent channels
is characteristic of voltage-gated K channels (Fig. 3).
Visits to stable, well-resolved sublevels were rare in ei-

Figure 2. Drk1-S and drk1-L have widely
different activation thresholds. Drk1-L (for
“Large”) is a previously described large-
conductance mutant that has the same
activation midpoint as drk1 (Chapman et
al., 1997). Drk1-S (for “Shifted”) was identi-
fied in a screen of S4 mutations: mutation
of residues 289–292 from RRV(V) to
LLV(A) resulted in a shift of the activation
midpoint by �70 mV. (A and B) Families
of outward K currents for drk1-S (A) and
drk1-L (B) were elicited by 400-ms step
depolarizations from a holding potential of
�80 mV to membrane potentials indicated.
(C) Comparison of the normalized con-
ductance–voltage relationships for the two
mutants used in this paper. Normalized
conductances were calculated from whole
cell current–voltage relationships (A and
B), as previously described (VanDongen et
al., 1990).
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ther of the parent channels (as they are in drk1), and
sublevels did not contribute a significant component to
amplitude histograms (unpublished data). Due to the
large shift in activation threshold, drk1-S channels are
very reluctant to open at 0 mV. In fact, for the majority
of traces, no openings were observed at all. Fig. 3 C il-
lustrates a few traces where drk1-S did open and the
single channel behavior appears normal and resembles
that of drk1 at threshold. Ensemble averages were
constructed for both drk1-S and drk1-L at 0 mV (Fig.
4). Whereas the open probability for drk1-S increases
slowly and reaches a steady-state value of only 2.4 per-
cent, drk1-L activates quickly and attains a steady-state
open probability of 65%. Activation time constants
were 6.12 ms and 113 ms for drk1-L and drk1-S, respec-
tively (Fig. 4). At 

 

�

 

40 mV, drk1-S attains an open prob-
ability of 40% (unpublished data), similar to that of
wild-type drk1.

To test the heteromeric pore hypothesis illustrated in
Fig. 1, a subunit-based kinetic model was generated for
channels assembled from the S-L dimer (Fig. 5). We
have previously proposed a minimal model, in which
there are two conformational changes in each subunit:
voltage sensor movement (Resting

 

↔

 

Active) and chan-
nel opening (Closed

 

↔

 

Open). The simplest possible
way to couple them is in a linear three-state scheme:
Resting

 

↔

 

Active/Closed

 

↔

 

Open. Fig. 5 A illustrates this
model for the S and L subunits. A model describing tet-
rameric channels formed by the S-L dimer is then con-
structed by combining 2 S and 2 L subunits in an SLSL
stoichiometry (Fig. 5, B–D). The complete model has a
complex three-dimensional structure, due to the fact
that the S and L subunits may activate in parallel.

However, the 15-state triangular model has the same
structure as the one proposed previously for a homo-
tetrameric channel (Chapman et al., 1997), but it
produces very different single channel behavior, in par-
ticular at membrane potentials between the activa-
tion thresholds of the L and S subunits. At these inter-

Figure 3. Single channel
behavior of the parent chan-
nels drk1-S and drk1-L. Exam-
ples of single channel traces
recorded in cell-attached
patches for drk1-S and drk1-L,
for step depolarizations to 0
and �40 mV. Traces for
drk1-S at 0 mV were selected
from several hundred rec-
ords, in most of which the
channel failed to open. Be-
cause of the very low open
probability for drk1-S at 0 mV,
it was not possible to estimate
the number of channels in
the patch. Due to the differ-
ence in single channel con-
ductance, records for drk1-S
(9 pS) are noisier than those
for drk1-L (38 pS).

Figure 4. Ensemble averages for drk1-L and drk1-S. Probability of
being open following a step depolarization to 0 mV in patches
containing N channels (NPO), where N � 1 for drk1-L, and N � 1
for drk1-S (see Fig. 3). NPO was obtained from ensemble averages
after records were idealized by the TRANSIT algorithm (VanDon-
gen, 1996, 2004a). Ensemble averages (thin line) were fit with the
following model modified after Hodgkin and Huxley (1952):
PO (t) � ninf * [1 � exp(�t/�n)]Q. ninf is the steady-state open
probability, �n is the activation time constant, and (Q) is the
exponent. The thick line illustrates the optimal fit. Optimized
parameters were as follows: for drk1-L: �n � 6.29 ms, ninf � 0.641,
Q � 1.05, and for drk1-S: �n � 112.0 ms, ninf � 0.024, Q � 1.00.
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mediate potentials, the two S subunits should be very re-
luctant to activate, forcing the channel to spend most of
its time in the partially activated states indicated by rows
P1 and P2 in Fig. 5 B. Therefore, the only types of open-
ings possible are to the two sublevels labeled Sub1 and
Sub2. A number of very specific (and highly unusual)
predictions can be made from the model in Fig. 5 B. At
potentials below the activation threshold of the S sub-
units, openings should be dominated by visits to two
sublevels corresponding to Sub1 and Sub2. The latency
until first opening should be fast for Sub1, somewhat
slower and more sigmoidal for Sub2, and significantly

slower for Open, since reaching it requires movement
of the two reluctant voltage sensors in the S subunits.
Furthermore, the probability of being in Sub1 and Sub2
should decline after reaching a maximum, since the
channel will eventually move on to reach the open state.
These predictions were tested by analyzing single chan-
nel behavior generated by S-L dimer K channels.

Expression of the S-L dimer construct resulted in
functional K channels, which are predicted to be
formed by the coassembly of two dimers resulting in an
S-L-S-L stoichiometry. These S-L dimer K channels
therefore should contain two S subunits, which have a

Figure 5. Subunit-subconductance model for
voltage-gated K channels. The open↔close
behavior illustrated in Fig. 1 G reflects the
intrinsic kinetic properties of the gate, as
described by the model in Fig. 1 A. In voltage-
gated channels, this intrinsic gating behavior
is allosterically controlled by membrane po-
tential. A subunit-based kinetic scheme for K
channels assembled from two S and two L
subunits is constructed as follows. (A) The
drk1-S and drk1-L subunits are modeled sepa-
rately, since they differ in their voltage depen-
dence. As before, each subunit is described by
a linear three-state model that directly couples
voltage sensor movement to channel opening.
Closed states are represented by squares, open
states by circles. Open squares indicate a
resting voltage sensor; filled squares/circles
imply the sensor has moved. The direction of
the arrows specifies the position of the equilib-
rium and the width of the arrow the relative
magnitude of the rate constants. The direction
and width of the arrows are reflective of a
membrane potential of 0 mV. Open arrows are
voltage dependent (and involve sensor move-
ments), closed arrows are voltage independent
(indicating open–close gating transitions).
(B–D) Combining two S and two L subunits in
an S-L-S-L configuration results in a complex
three-dimensional 36-state model. However,
at intermediate membrane potentials, S-L
channels will preferentially visit a subset of
states, because the L subunits are likely to
activate before the S subunits. The preferred
itinerary is shown by the 15-state triangular
model in B, while C and D illustrate all possible
activation and opening transitions, respectively.
The 15-state model contains three functionally
homomeric states, at the corners of the trian-
gle. Voltage sensor movements are represented
by vertical transitions, open–close transitions
by horizontal arrows. Rows labeled P1–P3

indicate partially activated channels, Columns H1–H3 represent the heteromeric pore conformations that are proposed to produce
subconductance levels (Fig. 1 A). Highly unstable states are shown on a gray background: these are the heteromeric pore states that are
connected by two wide filled arrows to neighboring states. Heteromeric pore states labeled Sub1, Sub2, and Sub3 are not as unstable as the
remaining states in H1–H3, because channels in these states can only exit to the left. Sub1 and Sub2 are boxed to indicate that they are
expected to predominate at membrane potentials below the activation threshold of the S subunits. At a negative holding potential,
channels accumulate in the homomeric resting state. Following a step depolarization to 0 mV, they are expected to migrate downward and
to the right. Because the two S subunits only activate slowly and reluctantly at this membrane potential (Fig. 4), channels will spend a
relatively long time at the row labeled P2, before moving slowly to the bottom row.
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low probability of being open at a membrane potential
of 0 mV, and two L subunits, which are 

 

�

 

30-fold more
likely to be open at the same potential (Fig. 4). S-L
dimer channels opened readily at 0 mV, demonstrating
that the S subunits did not behave as dominant nega-
tive regulators of voltage sensitivity. However, the single
channel behavior was highly unusual, being dominated
by visits to two subconductance levels (Fig. 6 A). At a
more depolarized potential, where both S and L sub-
units would be effectively activated, single channel ac-
tivity was more often characterized by the characteristic
binary switching between the fully open and closed
states (Fig. 6 B). Analysis of amplitude histograms of
these recordings revealed the presence of two well-
resolved subconductance levels, referred to as Sub1 (4
pS) and Sub2 (9 pS), in addition to the fully open state
(15 pS) and closed state (Fig. 7). The single channel
conductances of Sub1 and Sub2 were indistinguishable
from the 15% and 37% subconductance levels re-
ported previously (Chapman et al., 1997) for drk1-L re-
corded at threshold of activation. According to the
scheme in Fig. 5 B, S-L dimer channels may also be able
to visit a third sublevel (Sub3) when both L and one S
subunit have activated. However, the amplitude histo-
gram analysis did not reveal a significant fifth compo-
nent corresponding to Sub3. Possible explanations for
this finding are that the Sub3 levels is visited too infre-
quently, its lifetime is too short, or its amplitude is too
close to the fully open state.

An important question is whether K channels formed
following expression of the S-L dimer indeed have an

Figure 6. Single channel
characteristics of the channel
formed by the S-L dimer. (A
and B) Single channel records
of K channels expressed from
the S-L dimer were recorded
in cell-attached patches.
Channels were activated by
750-ms step depolarizations
to 0 and �40 mV. At 0 mV,
early openings are dominated
by visits to two sublevels, indi-
cated by dotted lines. At �40
mV, sublevel visits become
much more rare, although
occasionally (e.g., record 2)
persistent sublevel behavior
can still be observed. The
amplitude levels of Sub1 and
Sub2 (see Fig. 7) are indicated
by dotted lines.

 

respectively. The 4 pS and 9 pS values are similar to the 15% and
37% subconductance levels reported previously for drk1-L at
threshold (Chapman et al., 1997).

 

Figure 7.

 

The S-L dimer channel has two subconductance levels.
(A) Raw amplitude histograms were constructed and fitted with
sums of Gaussian components as previously described (Chapman
et al., 1997). Current levels arising from transitions (as judged by
their slope) were omitted. At all potentials studied, four Gaussians
were required; in addition to the fully open and closed level
there were two well-resolved sublevels (Sub1 and Sub2). (B)
Conductances were estimated by plotting the single channel
amplitudes versus membrane potential, resulting in values of 4 pS,
9 pS, and 15 pS for the Sub1, Sub2, and the fully open state,
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S-L-S-L stoichiometry. Several tandem dimer constructs
of Kv2.1 have been previously described whose func-
tional properties were consistent with their predicted
stoichiometry (Krovetz et al., 1997; Chapman et al.,
2001). In addition, it was found that incorporation of a
lethal subunit in either the front or back half of a
dimer results in nonfunctional channels (unpublished
data), indicating that both parts of the dimer are incor-
porated in the final tetramer. Finally, Table I illustrates
the results from fitting the all-point amplitude histo-
gram with sums of Gaussians for 10 individual patches.
In each case, there were two additional intermediate
components (sublevels) in addition to the closed and
fully open state. The amplitude of the fully open state,
as well as the normalized conductances and relative ar-
eas of the two sublevels were similar from patch to
patch, indicating that the dimers assemble in a consis-
tent manner.

To investigate whether Sub1 and Sub2 indeed re-
sulted from activation of one and two L subunits, re-
spectively, their voltage dependence and kinetics were
analyzed. Ensemble averages at a membrane potential
of 0 mV showed that the probability of being in a sub-
level rose rapidly to 

 

�

 

30% and then slowly declined
(Fig. 8 A). The probability of being in the fully open
state increased more slowly, taking almost the entire
700-ms record to reach steady state. At 

 

�

 

40 mV, the rel-
ative contribution of the subconductance levels was
greatly reduced (Fig. 8 B). This analysis confirmed
what can be seen qualitatively from the single channel
traces. At 0 mV, sublevels prevailed early in the record,

when the L subunits, but not the S subunits, are ex-
pected to be activated. At 

 

�

 

40 mV, where all four sub-
units more readily activate, the single channel behavior
is normalized.

Fig. 9 further delineates the activation characteristics
of the two sublevels and the fully open state at a mem-
brane potential of 0 mV. Sub1 activated rapidly with al-
most no delay, while Sub2 activated slower and showed

Figure 8. Activation kinetics of sublevels and the fully open state
in the S-L dimer. (A and B) Probabilities of being in the fully open
state or a subconductance level as a function of time after the step
depolarization at both 0 and �40 mV were estimated by ensemble
averages following idealization and interpretation by TRANSIT
(VanDongen, 1996). The Po curves were fitted with a sum of three
exponentials plus a constant (a0), shown by the solid line. Po (t) �
a0 � a1 * exp (�t/�1) � a2 * exp (�t/�2) � a3 * exp (�t/�3). The
optimal values in the format a0, �1 (a1), �2 (a2), �3 (a3) were as
follows: for sublevels at 0 mV, 21.8, 367 (13,3), 8.48 (�3813), 8.40
(3777); for the open state at 0 mV, 45, 11.3 (7.4), 81.4 (16.7), 84.4
(�69.8); for sublevels at �40 mV, 13.1, 365 (8.6), 5.40 (�3812),
5.36 (3790); for the open state at �40 mV, 63.8, 9.3 (15), 58.7
(1.0), 60.7 (�79.8). Time constants (�1–�3) are in ms, their
amplitudes (a1–a3) in percentages.

 

T A B L E  I

 

Current Amplitude Analysis of Individual Patches

 

Relative Area

Patch # Open (pA) sub1 (%) sub2 (%) O (%) sub1 (%) sub2 (%)

1 0.94 16 64 26.9 19.6 16.3

2 1.01 21 61 52.4 10.5 8.8

3 1.08 12 61 47.9 3.9 7.1

4 0.96 15 58 53.0 9.5 9.2

5 0.92 23 59 32.7 5.7 10.1

6 0.91 13 58 48.8 13.8 13.5

7 0.87 11 52 46.8 16.7 9.1

8 0.97 15 56 41.1 18.6 7.9

9 1.08 16 56 36.7 8.6 14.3

10 0.92 23 59 42.4 11.5 10.7

 

mean 0.97 16 58 43 12 11

SEM

 

0.02 1.2 1.0 2.6 1.6 0.9

All-point amplitude histograms of 10 individual patches were fitted with
sum of two to five Gaussian components by maximizing the log likelihood,
as previously described (Chapman et al., 1997). In each case, a sum of four
Gaussians best described the amplitude distribution, indicating the
presence of two sublevels in each recording. The table lists the current
through the fully open state, as well as the normalized conductances of the
two sublevels. In addition, the relative areas for the three open states are
listed.
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a pronounced sigmoidicity. Activation of the fully open
state was much slower, reaching half maximum only af-
ter Sub1 and Sub2 have completely activated. The
three open probability curves for Sub1, Sub2, and
Open could be well described with equations derived
from the classical Hodgkin and Huxley model for acti-
vation of the K conductance in squid axon (Fig. 9).
These curve fits resulted in estimates of activation time
constants for the L and S subunit of 10.3 and 103 ms,
respectively, which are similar to the 6- and 113-ms val-
ues for the parents.

The ensemble average can be dissected into two com-
ponents: the waiting time until the first opening (first
latency) and the conditional open probability (Aldrich
et al., 1983). First latency distributions reflect all the
voltage-dependent conformational changes in the acti-
vation pathway that occur following a step depolariza-
tion, leading up to channel opening. The movement of
the voltage sensors is an important determinant of this
waiting time. In the 15-state model based on the sub-
unit-subconductance hypothesis (Fig. 5 B), entry into
sublevels is reflective of activation, with visits to Sub1,
Sub 2, and Open requiring the activation of one L sub-
unit, two L subunits, and all four subunits, respectively.
These differences should be borne out by the first la-
tencies, which was indeed the case as Sub1 had the
shortest latency, while the waiting time to reach the
fully open state was the longest (Fig. 10). Sub2 had an
intermediate latency, again with a more pronounced
sigmoidal character. This difference in time course and
sigmoidicity suggests that movement of a single voltage
sensor is sufficient to activate Sub1, whereas movement
of two sensors is required for activation of Sub2. The
fact that the latency for the fully open state was signifi-
cantly longer than those for Sub1 or Sub2 suggests that
movement of the reluctant S-sensors is required for
complete channel opening.

The conditional open probability (COP) describes
what happens after an open state (or sublevel) is visited
for the first time. At 0 mV, the COPs for Sub1 and Sub2
monotonically decline from a starting value of 40% and
45%, to a value 

 

�

 

10% (Fig. 11). Because the drk1 K
channel shows no significant inactivation on this times-
cale, the transient nature of these COPs implies that

 

exponent of 4. Our model assumes that activation of Sub1, Sub2,
and Open requires movement of 1 L sensor, 2 L sensors, and 2 L 

 

�

 

2 S sensors, respectively. If the sensors move independently and do
not display cooperativity, then both exponents Q and R should
have a value of 2. Cooperativity between the sensor movements
would result in deviations from these integer values. By optimizing
the exponents (Q) and (R), our model allows for cooperativity
between the movements of the voltage sensors. The optimal
parameters values were: 

 

�

 

L

 

 

 

�

 

 10.3 ms, 

 

�S � 101.6 ms, ninf, L � 0.22,
ninf, S � 0.47, (Q) � 2.47, and R � 1.0.

Figure 9. Activation kinetics of the three conductance levels in
the S-L dimer. (A) Probabilities of being in each of the three
conducting states (Sub1, Sub2, and Open) were calculated from
ensemble averages of idealized and “interpreted” single channel
data (see MATERIALS AND METHODS). Shown here are the
probabilities of being in each state as a function of time following
a step depolarization to 0 mV. These curves were fit with the
following model: Psub1 (t) � nL (t), Psub2 (t) � nL

Q (t) and Popen (t) �
nL

Q (t) * nS
R (t), where nL

Q (t) � ninf, L [1 � exp(�t / �L)]Q and
nS

R (t) � ninf, S [1 � exp(�t/�S)]R. The model is derived on
the Hodgkin and Huxley equations describing the change in
normalized K conductance as a function of time following a step
depolarization: n(t) � ninf [1 � exp(�t/�)]4, where ninf is the
steady-state value and � the activation time constant. The HH
model assumes that four identical and independent charged
particles must move before the channel can open, resulting in an
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the initial visits to Sub1 and Sub2 occur when the chan-
nel is only partially activated. The shortest lived of the
partially activated states in the S-L dimer would be the
configuration in which one L subunit has activated.
This state would be rapidly terminated when the sec-

ond subunit activates. The configuration with two acti-
vated L subunits is more stable, because its conversion
requires activation of a refractory S-subunit. The time
course of the COP for Sub1 and Sub2 therefore sug-
gests that they reflect the kinetics of partially activated
channels with one and two “active” L subunits, respec-
tively. The COP for the fully open state increases slowly
from an initial value of 15% to �50%. Its time course is
a mirror image of the Sub2 COP, consistent with a con-
version of sublevels to fully open levels.

The kinetic analysis presented thus far illustrates
that the single channel characteristics of the S-L dimer
channel are, at least qualitatively, consistent with the
model proposed in Fig. 5. If this model represents a
reasonable description of how the S-L dimer operates,
then it should be able to quantitatively describe both
the time course and voltage dependence of the open
probability, conditional open probability and first la-
tency for Sub1, Sub2, and Open. This was investigated
by simultaneously fitting Po(t), COP(t), and FL(t) for
Sub1, Sub2, and Open at 0 and �40 mV (18 curves;
15,000 data points from 583 records in 10 patches)
with a set of differential equations that describe the ki-
netics of the five closed states, the open state, and the
resolvable sublevels (S1�Sub1, S2�Sub2). Six variants

Figure 10. Cumulative first latency distributions for the S-L dimer
K channel. (A) The waiting times until the first visits to Sub1,
Sub2, and Open (first latencies) were determined from the
idealized and interpreted single channel data, and a cumulative
distribution (FL) was constructed. The curves were fitted with the
following equation: FL (t) � [1 � exp(�t/�1)] * [1 � exp(�t/
�2)]Q. The optimal values for were as follows. For Sub1, �1 � 14.2,
�2 � 108.9, Q � 1.3; for Sub2, �1 � 8.6, �2 � 95.8, Q � 9.2; for
Open, �1 � 38.9, �2 � 167.7, Q � 1.3. Time constants �1 and �2 are
in ms. The exponent describing the latency for sub2 is very
large (9.2), indicating that visits to this sublevel are subject to a
pronounced delay. This seems consistent with the model of
Fig. 5 B, where a minimum of four transitions are required for an
initial visit to sub2: movement of both L sensors and two opening
transitions. (B) This panel shows the same data on an expanded
timescale to highlight the kinetic differences between the three
latencies.

Figure 11. Conditional open probabilities for the S-L dimer K
channel. COPs at a membrane potential of 0 mV were estimated
following idealization and interpretation by TRANSIT (VanDongen,
1996). COPs were estimated by ensemble averages that were
constructed after the waiting time until the first opening (to Sub1,
Sub2, or Open) was removed. The COP curves were fitted with a
sum of two exponentials plus a constant: COP (t) � a0 � a1 * exp
(�t/�1) � a2 * exp (�t/�2). The optimal fit is shown by a solid
line. The optimized values were as follows: for sub1, �1 � 4.1, �2 �
44.6, a0 � 0.067, a1 � 0.308, a2 � 0.079; for Sub2, �1 � 30.1, �2 �
1151, a0 � �0.290, a1 � 0.194, a2 � 0.568; for Open, �1 � 33.6,
�2 � 200, a0 � 0.563, a1 � �0.289, a2 � �0.131. Time constants
(�1, �2) are in ms.
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Figure 12. Subunit-subconductance models. To investigate whether the subunit-subconductance model can accurately describe the
single channel behavior of the S-L dimer, Markov models were generated that represent specific instances of the general model shown in
Fig. 5 B. The six extremely short-lived sublevels, which have a gray background in Fig. 5 B, were omitted from the Markov models, since the
majority of visits to these levels will go undetected due to the low pass filtering. This results in nine resolvable states: five closed states
(C1–C5), three sublevels (S1–S3), and the open state (O). Six variations were used (models 1–6) for which the number of free (optimized)
parameters increases with the model, by reducing the number of constraints. Each Markov scheme defines a set of nine differential
equations that were integrated to generate models of Po(t), FL(t), and COP(t) for Sub1, Sub2, and Open, at 0 and �40 mV (a total of 18
curves). Activation rate constants (vertical transitions) depend on membrane potential; rate constants describing channel opening
(horizontal transitions) are voltage independent. For the Po(t) and FL(t) curves, it was assumed that all channels are in C1 at t � 0. The
initial conditions for the COP(t) curves are not known and were therefore estimated. There are nine Markov states for three COP curves
(Sub1, Sub2, Open) at two membrane potentials, resulting in 54 initial conditions to be estimated. In addition, rate constants and
allosteric factors were estimated for each model by minimizing the sum of squared residuals (RSS) between the data and the model using
the Solver in Microsoft Excel. Optimized values are provided for each model. The natural log of the residual sum of squares (RSS) is
shown for each model as a relative measure of goodness-of-fit. Model 1 is the most severely constrained model and it makes two assumptions:
(1) that there are four identical and independent voltage sensors, and (2) that opening transitions do not depend on the number of
activated subunits. These constraints result in a model with only six free rate constants. The model provided a very poor description of the
data, as illustrated by the Po(t) curve fits below. Model 2 takes into account that the S-L dimer contains subunits with distinct voltage
sensors. Activation is described by two fast L sensors and two slower S sensors. Voltage sensors still move independently, and opening
transitions do not depend on the number of activated subunits. This model has 10 free rate constants. Model 3 improves upon model 2 by

(continues on next page)
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of this model were fitted, which contained constraints
that reduce the number of free parameters (Fig. 12),
and the models were compared using ln(RSS), the
natural log of the residual sum of squares. In the most
constrained variant, activation is modeled by four
identical and independent voltage sensors and open-
ing and closing rate constants are independent of the
number of activated subunits (model 1 in Fig. 12).
This model was not able to give a reasonable descrip-
tion of the data; it resulted in a particularly poor fit
for the open probability of Sub1 (Fig. 12). Allowing
independent activation rates for the L and S subunits
dramatically improved the fit (model 2 in Fig. 12),
resulting in a 23% decrease of ln(RSS). A second
substantial improvement occurred when the opening
and closing rate constants were made dependent on
the number of activated subunits. Model 3 assumes
that activation and opening are allosterically coupled
processes and introduces allosteric Monod-Wyman-
Changeux relationships (Monod et al., 1965; Klemic
et al., 1998); it performs 11% better than model 2.

Three additional variations in which the constraints
on the rate constants were progressively further re-
laxed continued to reduce ln(RSS), with the optimal
model being variant 6 in which all 24 rate constants
are independent (Fig. 12). However, the improvements
over model 3 were only incremental, with the decreases
in ln(RSS) being between 1 and 3%. In fact, model 3
is able to produce remarkably good fits for the 18
curves (Figs. 13 and 14).

The models in Fig. 12 all have the same basic struc-
ture, which was derived from Fig. 5 B. A hallmark
of these models is that sublevels Sub1 and Sub2 re-
sult from partially activated channel conformations in
which one and two sensors have moved. To investigate
whether Sub1 and Sub2 are indeed associated with par-
tially activated conformations, we tested the ability of
an alternative model to describe the data. In this
model, all four sensors need to move before the chan-
nel can open (Fig. 15 A). When employed to fit the
same 18 curves described in Figs. 13 and 14, this model
performed very poorly (Fig. 15, B and C).

introducing an allosteric factor (f) that allows opening efficiency to depend on the number of activated subunits. Although the number
of parameters increases by only 1, the goodness-of-fit increases significantly, as shown by the Po(t) curve fits below. Model 4 allows the
opening transitions to be different for the L and S subunit, while they share a single allosteric factor. This results in a small increase in the
goodness-of-fit. Model 5 removes all constraints from the opening (horizontal) transitions and incrementally improves the fit. In model 6,
all constraints are removed, resulting in 24 free rate constants. This last model has the smallest value of ln(RSS), consistent with it having
the least number of constraints. However, the improvements made by models 4–6 over model 3 are only incremental (1%), compared with
the substantial reductions in ln(RSS) made by models 2 and 3, (23% and 11%, respectively).

Figure 13. Model fit of PO, first latency, and conditional PO at 0 mV. Model 3 in Fig. 12 was used to simultaneously fit 18 curves describing
the behavior of the S-L dimer (Po, FL, and COP for three states at two membrane potentials). This figure illustrates the results for the data
obtained at a membrane potential of 0 mV. Fig. 14 shows the results for a membrane potential of �40 mV.
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D I S C U S S I O N

Observation of short-lived subconductance levels (sub-
levels) associated with transitions between the open
and closed state in the drk1 K channel prompted the

hypothesis that sublevels result from heteromeric pore
conformations (Fig. 1 A) (Chapman et al., 1997). This
hypothesis was subjected to a critical test, using a drk1

Figure 14. Model fit of PO, first latency, and conditional PO at �40 mV. See legend to Fig. 13.

Figure 15. A model requiring all sensors to move before channel opening. (A) Diagram of a Markov model in which four sensor move-
ments (in two S and two L subunits) are required before channels are allowed to open. Channel opening occurs via sojourn into Sub1 and
Sub2. This model was not able to properly describe the 18 curves, as illustrated for the open probabilities at 0 mV (B) and �40 mV (C).
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tandem dimer construct that covalently links drk1-S
and drk1-L, two subunits with widely different activa-
tion midpoints (Figs. 2 and 5), but normal single chan-
nel behavior (Fig. 3).

Fig. 5 illustrates the most straightforward model that
couples voltage sensor movement to the heteromeric
pore transitions associated with channel opening. This
model is based on an elementary linear three-state
model for a subunit, in which voltage sensor movement
(Resting↔Active) is directly coupled to channel open-
ing (Closed↔Open). The S and L subunit are mod-
eled separately because of their distinct voltage depen-
dence. Two S-L dimers assemble to form a functional K
channel, resulting in the 15-state model in Fig. 5 B,
which is a direct extension of the heteromeric pore hy-
pothesis for a voltage-gated channel. This model was
used to predict unique aspects of single channel behav-
ior for the S-L dimer K channel, which were experi-
mentally tested. At a membrane potential between the
activation thresholds of the L and S subunit, single
channel behavior should be dominated by visits to two
sublevels, Sub1 and Sub2, which was verified (Fig. 6 A
and Fig. 7). The probability of visiting a sublevel should
be strongly voltage dependent, which was indeed the
case: at �40 mV, where both L and S subunits are pre-
dicted to be activated, sublevels were seen much less
frequently (Fig. 6 B and Fig. 8). The activation kinetics
of Sub1, Sub 2, and the fully open state should reflect
those of the parents drk1-S and drk1-L, which was con-
firmed (Fig. 9). The waiting time until the first visits to
Sub1, Sub2, and Open requires the movement of one L
sensor, two L sensors, and all four (2L�2S) sensors, re-
spectively. The first latency distributions are consistent
with this aspect of the model (Fig. 10). COPs reveal
unique aspects of single channel gating. The model in
Fig. 5 B predicts the following: COPs for Sub1 and
Sub2 should be declining, since they are transient
states; the COP for Sub1 should decline rapidly as the
channel moves to Sub2 following the activation of the
second L sensor; the COP for Sub2 should decline
much slower as channel departure from Sub2 requires
the movement of a reluctant sensor in the S-subunit;
the COP of the fully open state should slowly increase,
with kinetics that mirror the slow decline of the COP of
Sub2. All of these predictions were empirically con-
firmed (Fig. 11). In conclusion, the Po, FL, and COP of
the three conducting states, Sub1, Sub2, and Open,
were predicted by and found to be qualitatively consis-
tent with the model shown in Fig. 5 B.

A quantitative description of the data was attempted
using Markov schemes, which were based on the 15-
state model in Fig. 5 B, but lack the extremely unstable
sublevels. This resulted in several nine-state models,
which were used to describe the voltage and time de-
pendence of Po, FL, and COP for Sub1, Sub2, and

Open at membrane potentials of 0 and �40 mV. Fig. 12
illustrates the performance of six Markov models. This
analysis identified two aspects that are critically re-
quired for this class of models to obtain an acceptable
goodness-of-fit: (1) activation needs to be modeled by
two distinct voltage sensors, and (2) channels should
open more readily with increasing number of activated
voltage sensors. The first requirement implies that visits
to Sub1 and Sub2 require activation of one and two L
subunits, respectively. The second requirement implies
a subunit-based allosteric interaction between voltage
sensor movement and channel opening. In conclusion,
the model in Fig. 5 B was able to qualitatively describe
many aspects of the single channel data from the S-L
dimer. In addition, the simplified Markov schemes in
Fig. 12 provide a quantitative description of the data
and indicate the presence of both slow and fast voltage
sensors in the activation pathway. Taken together, these
findings provided a strong support for the heteromeric
pore hypothesis (Fig. 1 A).

A key characteristic of the model in Fig. 5 B is that
voltage sensor movement and channel opening are two
independent, subunit-based processes that are allosteri-
cally coupled (Fig. 16 A). That voltage-dependent acti-
vation and channel opening are separate processes was
convincingly demonstrated by mutations in the Shaker
S4 segment, which separated the voltage ranges over
which charge movement and channel opening occur
(Ledwell and Aldrich, 1999). It has also been recog-
nized that sensor movement controls channel opening
by an allosteric mechanism (Marks and Jones, 1992;
Cox et al., 1997; Klemic et al., 1998; Horrigan and Al-
drich, 1999, 2002; Ledwell and Aldrich, 1999; Rothberg
and Magleby, 1999; Altomare et al., 2001; Sukhareva et
al., 2003). This has resulted in models in which par-
tially activated channels have access to the fully open
state, although the probability of visiting the open state
increases with the number of activated subunits. Fig. 16
illustrates the relationship between these models and
the subunit-subconductance model shown in Fig. 5.
There are two critical differences between these
models. First, in our model, subunits are not allowed to
undergo the conformational change from closed to
open, unless its voltage sensor has moved to the active
position (Fig. 16 B). This limits our model to the lower
triangle of the general, complete Monod-Wyman-
Changeux model (Monod et al., 1965; Changeux and
Edelstein, 1998) illustrated in Fig. 16 C. Second,
whereas our model explicitly takes into account het-
eromeric pore conformations (columns H1–H3 in
Fig. 16 C), previous allosteric models (Fig. 16 D) have
assumed the opening transition to be so highly coop-
erative that these states are too short to be observed.
Our data suggest that under some conditions, this
strong cooperativity may break down. One such sce-
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nario appears at activation threshold, where channels
spend a lot of time in the partially activated states
(rows P1–P3 in Fig. 16 C). In our model, openings
from rows P1–P3 should result in subconductance
levels, whereas in the previously proposed allosteric
models (Fig. 16 D), infrequent visits to a short-lived,
fully open state would be predicted. Recordings at ac-
tivation threshold of drk1-L results in abundant visits
to four well-resolved subconductance levels (Chap-
man et al., 1997).

We have now performed a critical test of the model
shown in Fig. 5, by using a K channel containing two
voltage sensors that are reluctant to activate at interme-
diate membrane potentials. Single channel analysis of
this channel revealed two well-resolved sublevels, as
predicted by the model in Fig. 5, and not visits to a
short-lived fully open state, as predicted by the model
shown in Fig. 16 D. Moreover, the subunit-subconduc-
tance model was able to quantitatively describe both
the kinetics and voltage dependence of the two sublev-
els and the open state. It is therefore concluded that
the single channel behavior of the S-L dimer is better
described by our model (Fig. 5) than by previously pro-
posed allosteric models (Fig. 16 D). The data therefore
provide strong support for the hypothesis (Fig. 1 A)
that heteromeric pore conformations (rows P1–P3 in
Fig. 16 C) result in subconductance levels. This hypoth-

esis implies that channel opening involves a sequence
of discrete steps, in which the permeation rate in-
creases incrementally through an itinerary of sublevels
to reach the open state (Fig. 1 B). In this mechanism,
permeation and channel opening are strongly coupled
(VanDongen and Brown, 1989; VanDongen, 1992),
suggesting that the same structure that controls perme-
ation also is responsible for opening and closing the
channel (Chapman et al., 1997; VanDongen, 2004b).

The conductance of the fully open channel is deter-
mined by multiple structural features of the perme-
ation pathway, the individual contributions of which
are not well known. K ions making their way through
the K channel pore will encounter free energy wells
and barriers that slow down diffusion and decrease
conductance. K binding sites located in the externally
localized selectivity filter (Zhou et al., 2001) constitute
energy wells for permeating ions that are likely to be
critical determinants of the channel’s conductance.
The cytoplasmic constriction formed by the S6 bundle
crossing (Doyle et al., 1998; del Camino and Yellen,
2001) may constitute an energy barrier for permeating
ions, even after it has widened following activation,
by creating a hydrophobic environment (Kitaguchi et
al., 2004). Because the total conductance of the open
channel (G) is a function of the product of all contrib-
uting conductances (G � 	Gi/
Gi), each structural el-

Figure 16. Allosteric models for voltage-gated K
channels. (A) It is assumed that voltage-dependent K
channels can undergo two distinct conformational
changes: voltage sensor movement (S4: resting↔active)
and channel opening (pore: closed↔open). These two
processes are allosterically coupled, indicated by the
filled arrow, such that activation promotes channel
opening. It is further assumed that these conformational
changes occur in individual subunits. Consequently,
each of the four subunits that make up a K channel may
exist in one of four possible states, indicated by open
and filled squares and circles (R � resting, A � active,
C � closed, O � open). (B) The model in Fig. 5 assumes
that a subunit can only move to the open conformation
if its sensor has activated (linear three-state model). A
more general model would allow subunits to visit the
resting–open conformation (four-state model). (C) The
general allosteric model for a protein with four subunits
and two distinct conformational changes. The model in
Fig. 5 B corresponds to the lower triangle of this general
model (indicated with a gray background), which is a
direct consequence of disallowing opening for resting
subunits (B). Partially activated channels are indicated
by rows P1–P3. Heteromeric pore conformations are
indicated by columns H1–H3, which correspond to
sublevels under the hypothesis tested in this paper. (D)
Allosteric model previously proposed for voltage-gated K
channels, which corresponds to columns labeled C and
O in panel C. This model assumes that all opening tran-
sitions are highly cooperative, resulting in the hetero-
meric pore conformations in columns H1–H3 being
unobservable transition states.
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ement that creates an energy well or barrier has the
ability to generate subconductance levels. Both the se-
lectivity filter and the S6 bundle crossing are therefore
potential candidates. The data presented here do not
provide any clear indication regarding the structural
basis of the sublevels. However, the ion selectivity of
subconductance levels associated with intermediate ac-
tivation states in the Shaker K channel is distinct from
that of the fully open state (Zheng and Sigworth,
1997), suggesting that these sublevels originate in the
selectivity filter.

The cytoplasmic constriction has been shown to
widen following channel activation, in both the bacte-
rial KcsA K channel (Perozo et al., 1998, 1999) and
Shaker (del Camino and Yellen, 2001). In voltage-gated
K channels, this widening is allosterically coupled to
the translocation of the voltage sensors and involves a
conformational change in all four S6 segments. Partial
channel activation should result in the movement of
one, two or three S6 segments. In our model, these par-
tially widened constrictions, in which some, but not all,
S6 segments have moved, should be associated with vis-
its to subconductance levels. If widening of the cyto-
plasmic constriction is both required and sufficient to
open the channel, then the S6 movements correspond
to the horizontal transitions in the model shown in Fig.
5 B, and the sublevels originate in the bundle crossing.
If however, the gate is formed by the selectivity filter
(VanDongen, 1992, 2004b; Chapman et al., 1997), then
the subunit-based models shown in Fig. 5 A do not ex-
plicitly describe the behavior of the S6 segments. It has
been proposed that S6 may act as a transduction ele-
ment, coupling sensor movement to channel opening
(Jones et al., 2002). If this is the case, then the models
in Fig. 5 A will need to be expanded to describe the S6
movements.

In the heteromeric pore model (Fig. 1 A), sublevels
are visited every time the channel opens and closes.
This implies that the sublevels are closely associated
with the main gate, the structure directly responsible
for opening the channel. It is therefore of critical im-
portance to identify the structural basis of the sublevels,
since that may help elucidate the mechanism of chan-
nel opening.
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