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abstract

 

The voltage-dependent gating mechanism of KAT1 inward rectifier potassium channels was studied
using single channel current recordings from 

 

Xenopus

 

 oocytes injected with KAT1 mRNA. The inward rectification
properties of KAT1 result from an intrinsic gating mechanism in the KAT1 channel protein, not from pore block
by an extrinsic cation species. KAT1 channels activate with hyperpolarizing potentials from 

 

2

 

110 through 

 

2

 

190
mV with a slow voltage-dependent time course. Transitions before first opening are voltage dependent and ac-
count for much of the voltage dependence of activation, while transitions after first opening are only slightly volt-
age dependent. Using burst analysis, transitions near the open state were analyzed in detail. A kinetic model with
multiple closed states before first opening, a single open state, a single closed state after first opening, and a
closed-state inactivation pathway accurately describes the single channel and macroscopic data. Two mutations
neutralizing charged residues in the S4 region (R177Q and R176L) were introduced, and their effects on single
channel gating properties were examined. Both mutations resulted in depolarizing shifts in the steady state con-
ductance–voltage relationship, shortened first latencies to opening, decreased probability of terminating bursts,
and increased burst durations. These effects on gating were well described by changes in the rate constants in the
kinetic model describing KAT1 channel gating. All transitions before the open state were affected by the muta-
tions, while the transitions after the open state were unaffected, implying that the S4 region contributes to the
early steps in gating for KAT1 channels.
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i n t r o d u c t i o n

 

Potassium channels constitute a functionally and struc-
turally diverse class of ion channels (for reviews see
Salkoff et al., 1992; Hoshi and Zagotta, 1993). The ma-
jority of voltage-dependent potassium channels can be
classified as either outwardly or inwardly rectifying chan-
nels that preferentially conduct outward or inward cur-
rent, respectively. Cloned outward rectifiers, including
the delayed rectifier potassium channels, inactivating

 

Shaker

 

-family channels (Kamb et al., 1987; Tempel et al.,
1987; Pongs et al., 1988), and the Calcium-activated
maxi-K channels (Atkinson et al., 1991; Adelman et al.,
1992; Butler et al., 1993), share a common putative trans-
membrane topology consisting of six transmembrane
segments, a pore loop between the fifth and sixth trans-
membrane segments, and an S4 “voltage sensor” region.

Inward rectifier K

 

1

 

 channels were first described as
“anomalous rectification” currents to emphasize the con-
trast between these channels and previously described
outwardly rectifying currents (Katz, 1949; Hille, 1992).

Inwardly rectifying currents have been examined in a
variety of preparations, including frog skeletal muscle,
and tunicate and starfish eggs (Adrian, 1969; Hagiwara
and Takahashi, 1974; Hille and Schwarz, 1978). These
channels preferentially conduct inward current while
limiting outward current. Recently, the cDNA clones
and primary amino acid sequences for several inward
rectifiers have been obtained. These include the IRK,
ROMK, GIRK, K

 

ATP

 

, and KAT1 families (Anderson et
al., 1992; Sentenac et al., 1992; Dascal et al., 1993; Ho
et al., 1993; Kubo et al., 1993

 

a,b

 

; Ashford et al., 1994;
Inagaki et al., 1995; Krapivinsky et al., 1995). Unlike
the proposed transmembrane topology of outwardly
rectifying potassium channels, the “small” inward recti-
fiers possess two putative transmembrane regions, with
a pore region interposed between them. The NH

 

2 

 

and
COOH termini of these channels are relatively long
and intracellularly located. This proposed structure has
been recently confirmed using x-ray crystallography in
the bacterial potassium channel KcsA (Doyle et al.,
1998). In the cloned small inward rectifiers, intracellu-
lar Mg

 

2

 

1

 

 and polyamines (spermine, spermidine, and
putrescine) have been demonstrated to be the intracel-
lular blocking particles responsible for inward rectifica-
tion (Kubo et al., 1993

 

a,b

 

; Ficker et al., 1994; Lopatin
et al., 1994; Nichols et al., 1994; Fakler et al., 1995).
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KAT1 Voltage-dependent Gating

 

Among inwardly rectifying potassium channels, the
KAT1 and akt1 channels are unique in both structure
and function. KAT1 and the related channel akt1 are
inwardly rectifying potassium channels cloned from the
plant 

 

Arabidopsis thaliana

 

, a member of the mustard
family, through a yeast complementation strategy (Ander-
son et al., 1992). Unlike the small inward rectifiers, KAT1
possesses six putative transmembrane regions, a pore
loop between the fifth and sixth transmembrane re-
gions, and an S4 motif. Structurally, KAT1 resembles
the 

 

Shaker

 

 family of potassium channels, and yet func-
tionally it behaves as an inward rectifier (Schachtman
et al., 1992). Unlike the small inward rectifiers, KAT1
rectification does not require intracellular cation block
(Hoshi, 1995). Inward rectification is not significantly
altered upon patch excision, suggesting that polyamine
block is also not important in KAT1 rectification
(Hoshi, 1995). It is therefore a reasonable conclusion
that the gating mechanisms resulting in an inwardly
rectifying phenotype in KAT1 are intrinsic to the chan-
nel protein itself.

KAT1 appears to have the structural architecture of
an outward rectifying channel, yet its functional pheno-
type is that of an inward rectifier. This suggests that
perhaps KAT1 achieves inward rectification through a
fast inactivation recovery mechanism, as demonstrated
in the 

 

eag

 

-family channel herg (Smith et al., 1996; Spec-
tor et al., 1996) and in 

 

Shaker

 

 channels containing mu-
tations that alter activation properties (Miller and Ald-
rich, 1996). However, NH

 

2

 

-terminal deletions and per-
meant ion effects that should affect NH

 

2

 

-terminal
inactivation processes (Demo and Yellen, 1991; Lopez-
Barneo et al., 1992) and mutations in residues corre-
sponding to residues critical for C-type inactivation
(Hoshi et al., 1991; Heginbotham and MacKinnon,
1992) in 

 

Shaker

 

 channels have little effect on KAT1 acti-
vation (Marten and Hoshi, 1997). Perhaps the KAT1
protein functions similarly to outwardly rectifying chan-
nels like 

 

Shaker, 

 

but is inserted in the membrane in a re-
versed topology so that the “voltage sensor” is oriented
in the electric field in the opposite direction from these
other channels. This hypothesis is unlikely, as sequence
analysis does not suggest possible signal sequences in
the channel protein that differ significantly from those
of other channels, and mutations in the NH

 

2 

 

terminus
do not reverse the channel’s voltage dependence, as
might be expected if there were a crucial signal se-
quence (Marten and Hoshi, 1997). One can also imag-
ine a channel in which states that are normally closed
are conducting states, and vice-versa, resulting in open-
ing at negative voltages. In other words, KAT1 may pos-
sess a unique gating mechanism in which the polarity
of a critical component of the voltage sensing mecha-
nism is reversed so that hyperpolarization, rather than
depolarization, increases open probability. Mutations

in both the NH

 

2

 

- and COOH-terminal domains pro-
duce significant effects on the voltage-dependent gat-
ing behavior of KAT1, suggesting that these regions of
the molecule play an important role in gating (Marten
and Hoshi, 1997). On the other hand, the presence of
the charged S4 voltage sensor motif implies that KAT1
gating involves the S4 region, as seen in other channels
gated by voltage.

In other voltage-dependent ion channels, the role of
the S4 region in gating has been substantiated through
mutagenesis. Mutations of the charged residues located
within the S4 segment have been shown to alter the
voltage-dependent gating properties of potassium and
sodium channels (Stühmer et al., 1989; Papazian et al.,
1991; Logothetis et al., 1992, 1993; Schoppa et al., 1992;
Tytgat and Hess, 1992; Aggarwal and MacKinnon, 1994).
Cysteine mutagenesis has demonstrated that the S4 re-
gion likely moves during the activation of sodium chan-
nels (Yang and Horn, 1995) and potassium channels
(Larsson et al., 1996). Optical signals from channels
with fluorescent labels in the S4 region support the hy-
pothesis that the S4 region moves during activation
(Mannuzzu et al., 1996; Cha and Bezanilla, 1997). How-
ever, mutations in other regions of the channel protein
(Gautam and Tanouye, 1990; Lichtinghagen et al.,
1990; MacKinnon, 1991; Schoppa et al., 1992; Papazian
et al., 1995) have also been shown to alter the voltage-
dependent properties of these channels, demonstrating
that other channel regions are also likely to be involved
in the gating process. Moreover, the S6 region is be-
lieved to be involved in the gate that physically impedes
ion flux through the channel pore (Liu et al., 1997).

In this article, the gating properties of the wild-type
KAT1 channel will be described through the analysis of
single channel patch clamp currents. Statistical analysis
of the single channel open and closed durations will
provide information about conformational changes
that the channel undergoes between closed and open
states. Analysis of these data can be used to create a ki-
netic model that accurately describes the gating behav-
ior of the KAT1 channel, particularly conformational
transitions near the open state, over a wide voltage
range. This kinetic model can then provide insight into
the intrinsic voltage-dependent gating properties of
KAT1 that result in inward rectification. This model
will serve as a basis for interpreting the effects of two
neutralization mutations in the S4 region (R177Q and
R176L) on the gating mechanisms of KAT1 that pro-
duce inward rectification. 

 

m e t h o d s

 

Molecular Biology

 

All currents were recorded from the KAT1 channel cloned from
the plant 

 

A. thaliana

 

, which was provided to us by Dr. Richard
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Gaber (Northwestern University, Evanston, IL). All mutant con-
structs were made in the wild-type KAT1 clone using the standard
PCR-based cassette mutagenesis. DNA sequences for all mutants
were confirmed by dideoxy termination sequencing (Sanger et al.,
1977). The KAT1 and mutant cDNA clones were propagated in
the 

 

l

 

-YES vector provided by Dr. Gaber in the 

 

Escherichia Coli

 

strain DH5-

 

a

 

. The cDNA was transcribed in vitro into cRNA us-
ing a T7 polymerase (Ambion Inc., Austin, TX). Approximately
40 nl of cRNA per cell was injected into

 

 Xenopus

 

 oocytes to record
macroscopic currents. Single channel patches were obtained by
injecting cRNA that was diluted up to 1,000-fold. Recordings
were made 2–7 d after cRNA injection.

 

Electrophysiology

 

Data from single channel patches were recorded in the inside-out
configuration, unless otherwise noted (Hamill et al., 1981). Patch
pipettes were composed of borosilicate glass (VWR Micropi-
pettes, West Chester, PA). Their tips were coated with wax (Sticky
Wax, Emeryville, CA) and fire polished before use. Data were ac-
quired using an Axopatch 200-A patch clamp amplifier (Axon In-
struments, Foster City, CA), and the amplifier output was low-
pass filtered through an eight-pole Bessel filter (Frequency De-
vices, Inc., Haverhill, MA), digitized at a frequency as noted in
the figure legends and stored for later analysis. The data were
typically filtered at frequencies ranging from 400 to 1,000 Hz,
which did not limit the kinetic measurements, as KAT1 channel
kinetics are relatively slow. A Digital Equipment Corp. LSI 11/
73–based minicomputer system (Indec Systems, Sunnyvale, CA)
was used for controlling the voltage-clamp protocols and was
used for a portion of the data analysis. Experiments were carried
out at 20–22

 

8

 

C. The pipette potential was nulled just before seal
formation. The voltage error due to junction potentials was esti-
mated to be 

 

,

 

5 mV, and no corrections were made for this error.
Unless otherwise noted, the holding potential was 

 

2

 

40 mV for
wild-type KAT1 currents and 0 mV for R177Q and R176L mutant
currents.

Data were recorded and stored on the LSI 11/73-based mini-
computer system. Voltage pulses were applied every 2–5 s. Linear
leak currents and uncompensated capacity currents were sub-
tracted using leak templates made from fits to sweeps with no
openings. For the ensemble averages and duration histograms,
opening and closing transitions were detected using a 50% am-
plitude criterion of the single channel amplitude at any given
voltage. Open and closed durations were measured from these
idealized records. The number of channels in any given patch
was determined by observing the maximum number of channel
openings at a potential where the probability of the channel be-
ing open was high. Unless otherwise noted, single channel
patches were used in the data presented in this article.

A confounding factor in the measurement of single channel
KAT1 currents is that channels will occasionally exhibit rundown,
or a progressive decline in macroscopic current amplitude and
open probability over time. It has been noted that rundown is
faster in excised patches (Hoshi, 1995). Rundown was indeed oc-
casionally observed in our single channel patches, and the data
from those patches were not used.

 

Duration Fitting and Simulations

 

Durations of open and closed events were compiled from the ide-
alized single channel data and transferred to a Macintosh-based
computer system. Ensemble averages that have been expressed as
open probabilities were determined by dividing the current aver-
ages by the number of channels in the patch and the unitary cur-
rent amplitude. The open and closed durations were fitted with

sums of exponential probability density functions using the maxi-
mum likelihood method. The fits were corrected for the left cen-
sor time, or the dead time of the recording system, and for the
right censor time, which corresponds to the limited pulse dura-
tion (Colquhoun and Hawkes, 1982; Lawless, 1982; Hoshi and Al-
drich, 1988). The left censor time was estimated as 0.253/

 

f

 

,
where 

 

f

 

 represents the filter cutoff frequency in Hertz. The first
latency distributions were corrected for the filter delay time,
which was estimated as 0.506/

 

f

 

. Unless otherwise noted, open-
and closed-duration histograms are displayed using a log-binning
transformation (Sigworth and Sine, 1987) to optimize the presen-
tation of data and associated fits.

 

Correction for Missed Events

 

Rate constant values in the three-state burst model described in
this article were estimated with corrections for events too short to
be resolved (Blatz and Magleby, 1986). Given the model consid-
ered and the dead time of the recording system, the four effec-
tive rate constants were calculated by estimating the fraction of
all events in each data set both longer and shorter than the dead
time of the recording system. The rate constant values were then
optimized separately for the open and closed-time parameters.

 

Solutions

 

All currents were recorded in symmetrical 140-mM K

 

1

 

 solutions.
The standard extracellular solution contained (mM): 140 KCl, 6
MgCl

 

2

 

, 5 HEPES, pH 7.2. The intracellular solution contained
(mM): 140 KCl, 11 EGTA, 2 MgCl

 

2

 

, 1 CaCl

 

2

 

, 10 HEPES, pH 7.2.

 

r e s u l t s

 

Single Channel Currents 

 

Although macroscopic patch data can provide a great
deal of insight into the gating behavior of KAT1 chan-
nels, single channel analysis allows the observation of
real-time conformational changes of individual KAT1
protein molecules that can constrain a potential kinetic
model. Fig. 1 

 

A 

 

displays representative KAT1 single
channel currents over a voltage range from 

 

2

 

110
through 

 

2

 

190 mV. After pulse initiation, there is a
short delay before the channel initially opens. This de-
lay, or first latency to opening, becomes faster with in-
creasingly negative voltages. Once open, the channel
flickers, or bursts, between open and closed states be-
fore occasionally entering a longer-lived closed state.
From this longer-lived closed state, the channel may be-
gin bursting again. With increasingly negative voltages,
KAT1 channels are more likely to continue bursting
through the entire pulse duration. The combined ef-
fect of shorter latencies to first opening and longer
burst durations is an increasing overall open probabil-
ity with increasing hyperpolarization.

A current–voltage relationship [i(V)]

 

1

 

 constructed
from single channel currents yields a unitary conduc-
tance of 

 

z

 

7.5 pS in symmetrical 140-mM K

 

1

 

 solutions

 

1

 

Abbreviations used in this paper:

 

 G(V), conductance–voltage; i(V), cur-
rent–voltage relationship.
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(Fig. 1 

 

B

 

). The i(V) relationship is linear over the range
of activating voltages examined for KAT1 single chan-
nels, confirming that, in this voltage range, gating
mechanisms, not permeation properties, determine in-
ward rectification. At depolarized potentials (greater
than 

 

1

 

20 mV), outward current is not observed in
KAT1 channels (data not shown), which is in agree-
ment with the observation of open-channel rectifica-
tion of outward currents in macroscopic tail currents
(Zei, 1998). KAT1 currents at voltages more hyperpo-
larized than 

 

2

 

200 mV were difficult to obtain, a result
of both the extreme voltages and the long pulse dura-
tions needed.

The overall behavior of single KAT1 channels at a
given potential is demonstrated by the ensemble aver-
ages expressed as open probabilities in Fig. 2 

 

A

 

 over a
range of voltages. The overall time course of activation
is very similar to currents recorded in macroscopic
patches (Hoshi, 1995; Zei, 1998), in the whole-cell volt-
age clamp configuration (Schachtman et al., 1992; Véry
et al., 1995; Marten and Hoshi, 1997), and in the cut-
open oocyte system (our unpublished results), confirm-
ing that the single channel records accurately repre-
sent the gating behavior of wild-type KAT1. The chan-
nels activate slowly after a small but noticeable delay,
with a time scale on the order of several hundred milli-
seconds, in contrast with activation in 

 

Shaker

 

 channels,
which occurs on the order of 1–10 ms. This delay sug-
gests the existence of multiple closed states along the
activation pathway. The time course of activation be-
comes faster with increasingly negative voltages ranging
from 

 

2

 

110 to 

 

2

 

190 mV, and there is no appreciable
decay or inactivation in the ensemble average currents.
The steady state probability that the KAT1 channel is
open during the pulse increases with increasingly nega-
tive voltages, as shown in Fig. 2 

 

B

 

. The open probability
increases steeply between 

 

2

 

120 and 

 

2

 

180 mV, saturat-
ing between 

 

2

 

190 and 

 

2

 

200 mV. The maximum open
probability is 

 

z

 

0.7, reflecting a significant contribution
of closed events to the steady state channel behavior
even at the most hyperpolarized potentials. The open
probability voltage dependence is fitted by a Boltz-
mann function:

(1)

represented by the solid line in Fig. 2 

 

B

 

, where 

 

P

 

o

 

 is
open probability, 

 

P

 

o
max

 

 is maximal open probability ob-
served, V

 

1/2

 

 is the voltage at which the open probability
is 0.5 of 

 

P

 

o
max

 

, 

 

z

 

 is the apparent gating valence, and 

 

F

 

, 

 

R,

 

and 

 

T

 

 have their usual meanings. The midpoint of acti-
vation (V

 

1/2

 

) is extremely negative, estimated at 

 

2

 

143
mV, and the apparent charge is relatively small, at 

 

2

 

1.4 

 

e

 

.
In Fig. 2

 

 B

 

, the Boltzmann fit obtained from the macro-
scopic conductance–voltage [G(V)] data (Zei, 1998) is

Po Po
max 1

1 e
V V1 2⁄–( )– zF RT⁄

+
-------------------------------------------- ,=

Figure 1. (A) Representative single channel currents from KAT1
channels recorded in the inside-out patch configuration in re-
sponse to hyperpolarizing voltage pulses. The voltages are indi-
cated in the figure. The data at 2190, 2180, 2160, 2140, 2120,
and 2110 mV were filtered at 0.9, 0.6, 0.6, 0.6, 0.6, and 0.7 kHz, re-
spectively, and sampled at 1.54 kHz. The voltage pulses were deliv-
ered every 2–6 s. The prepulse, tail, and holding potentials were
240 mV. (B) The single open channel i(V) for KAT1 channels
over the voltage range from 280 mV to 2190 mV. Current ampli-
tudes were obtained as follows: at each given voltage, all sampled
data points from a representative sweep were compiled into histo-
grams plotting the number of data points as a function of current
amplitude. These current amplitude histograms were then fitted
by eye to determine peak amplitudes, which represent closed and
open state current values. The single channel current amplitude
was then calculated as the difference between the open and closed
state current levels at each given potential. The i(V) curve has
been fitted to a linear function, which yields a unitary conductance
of 7.5 pS.
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superimposed and scaled to the maximum open proba-
bility derived from the Boltzmann fit to the ensemble
average G(V). This comparison demonstrates good
agreement between the steady state activation properties
observed in both macroscopic and single channel patches.

The voltage dependence of KAT1 activation derived
from macroscopic currents is far weaker than that seen
in other voltage-gated ion channels. For instance, the
apparent gating valence of the 

 

Shaker

 

 channel as mea-
sured by limiting slope, Boltzmann fits to tail currents,
gating current, and toxin labeling measurements all
yield a gating valence of 

 

z

 

12–16 elementary charges
per channel (Schoppa et al., 1992; Aggarwal and
MacKinnon, 1994; Zagotta et al., 1994

 

a

 

). The apparent
gating valence of the Ca

 

2

 

1

 

-activated K

 

1

 

 channel (slo,
BK, or maxi-K channel) using limiting slope and Boltz-
mann fit techniques is between 1.1 and 1.8 

 

e

 

 (Cox et al.,
1997; Cui et al., 1997). However, the slo channel is
gated by both voltage and calcium ions.

 

Transitions Before First Opening

As shown in the representative single channel currents
in Fig. 1 A, the time to first opening, or first latency, be-

comes shorter with increasingly negative potentials.
During these first latencies, the channel is presumed to
traverse closed states along the activation pathway. In
Fig. 3 A (top), cumulative distributions of latencies to
first opening are displayed for voltages from 2110
through 2190 mV. Fig. 3 A (bottom) depicts the same
cumulative first latency distributions scaled to the same
steady state probability to facilitate comparison of their
time courses. Similar to the activation of macroscopic
ionic currents, there is only a small amount of sig-
moidicity in the first latency time courses across all volt-
ages examined, indicating only a few discernible closed
states in the transitions before first opening. The first
latency time course becomes faster with increasingly
negative potentials, consistent with the voltage depen-
dence of the macroscopic activation time course.

The voltage dependence of first latencies can be
quantified by plotting the median first latency as a
function of voltage, as in Fig. 3 B. The median first la-
tency is highly voltage dependent, which implies that
much of the voltage dependence of activation can be
accounted for by the transitions before first opening.
Furthermore, if the transition rate constants leaving
the open state do not significantly contribute to the ac-

Figure 2. (A) Ensemble aver-
ages of single-channel patch cur-
rents expressed as open probabil-
ities at several voltages. Open
probability is calculated by divid-
ing the ensemble average current
by the number of channels in the
patch (single channel patches
were used in most of the ensem-
ble averages shown) and the mea-
sured unitary current amplitude.
The voltages are indicated in the
panel. Recording conditions
were as described in Fig. 1. (B)
Voltage dependence of the
steady state open probability.
Peak probabilities recorded
from the ensemble averages are
plotted against voltage. Data
from several patches are shown.
The smooth curve represents a fit
to a Boltzmann function ex-
pressed by the following equa-
tion: 

where Po
max is the maximum

open probability (0.7), V is mem-
brane voltage, V1/2 is the voltage
where the Boltzmann distribu-

Po Po
max 1

1 e
V V1 2⁄–( ) zF RT⁄–

+
----------------------------------------- ,=

tion is equal to 0.5 (2143 mV), z is the equivalent charge movement associated with the Boltzmann distribution (1.36 electronic
charges), F is Faraday’s constant, R is the universal gas constant, and T is the absolute temperature. The dotted line represents the Bolt-
zmann fit to the macroscopic G(V) relationship (Zei, 1998). The macroscopic G(V) fit has been scaled to the maximum single channel
open probability, Po

max.
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tivation kinetics of KAT1, then the time courses of first
latencies and overall activation will be similar. Superim-
posed cumulative first latency distributions and ensem-
ble averages are shown in Fig. 3 C at several voltages.
The first latency distributions are normalized to the en-
semble averages to facilitate comparison of their time
courses. The observed similarity between the first la-
tency and ensemble average time courses over the en-

tire voltage range of activation indicates that indeed
much of the voltage dependence of activation results
from transitions before the channel first opens.

As seen in Fig. 3 A, the first latency distributions sat-
urate at a probability of one only at the most negative
voltages, reflecting the fact that, at most voltages, there
are several sweeps during which the KAT1 channel
fails to open. In fact, the fraction of sweeps that fail to

Figure 3. (A) Cumulative dis-
tributions of first latencies re-
corded at several voltages. The
distributions show the probabili-
ties that the channel first opened
by the times indicated. The open-
ings were elicited in response to
1,000-ms pulses from a prepulse
potential of 240 mV. (Bottom)
The cumulative first latency dis-
tributions have been scaled to a
probability of 1 to compare their
time courses. (B) Median first la-
tencies measured from the distri-
butions in A and several addi-
tional patches are plotted as a
function of pulse potential. Sev-
eral different patches are repre-
sented among the data points.
(C) The cumulative first latency
distributions are superimposed
on the ensemble averages from
the same patch at each voltage in-
dicated. The thin, relatively noisy
lines represent the ensemble av-
erages, and the thick, smoother
lines represent the first latency
distributions. The curves are
scaled so that the steady state lev-
els coincide.
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elicit at least one channel opening is larger at more
positive potentials and decreases with increasingly neg-
ative voltages. There are several mechanistic possibili-
ties, individually or in combination, that can account
for these blank sweeps. First, the channel may enter an
inactivated state from a closed state located along the
activation pathway. Second, the channel may occasion-
ally enter an inactivated state located after the open
state and outside the activation pathway during the
previous pulse, from which it does not recover. Third,
the first latencies may occasionally be longer than the
pulse durations used, particularly at depolarized volt-
ages.

In the first two possibilities, an inactivated state with a
relatively slow rate of recovery and, therefore, a long
dwell time would result in blank sweeps that tend to
cluster together. The tendency for blank sweeps to clus-
ter can be tested with runs analysis (Horn et al., 1984).
In runs analysis, a run is defined as a contiguous series
of like events. In a system with two types of events, the
probability of having R runs in an experiment can be
calculated. Given a data set with at least z40 events, the
distribution of R can be approximated by an asymptotic
distribution, from which a standard variable, Z, can be

defined with a mean of zero and variance of one (Horn
et al., 1984):

(2)

where R is the number of runs in the experiment, n is
the total number of events, and P is the probability of
observing a sweep with at least one opening. Negative Z
values indicate a tendency for sweeps to alternate be-
tween one or the other type of event, while positive Z
values indicate the tendency for like events to cluster in
long runs. A Z value greater than 11.6 indicates statisti-
cally significant clustering (Horn et al., 1984). Fig. 4 A
plots the number of openings per sweep contiguously
for two experiments at 2110 and 2140 mV. It might
seem qualitatively apparent that there are several clus-
ters of blank sweeps in these experiments. However, in
Fig. 4 B, the Z values at all voltages with a significant
number of blank sweeps do not demonstrate statisti-
cally significant clustering, implying that a long-lived
inactivated state is unlikely to account for the observa-
tion of blank sweeps in KAT1. Furthermore, variation
of the interpulse interval between 1 and 6 s did not
have a significant effect on the observed frequency of

Z R 2nP 1 P–( )–

2n1 2⁄ P 1 P–( )
----------------------------------------,–=

Figure 4. (A) The number of openings per sweep over an entire experiment are plotted contiguously at 2110 and 2140 mV. The x-axis
indicates consecutive sweep number. The data represent two different patches. (B) The test parameter (Z) for runs analysis (see text) is
plotted at several voltages. Only those experiments with a significant number of blank sweeps are shown. The dotted line represents a Z
value of 1.6. Z values greater than or equal to 1.6 indicate statistically significant clustering of blank sweeps.
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blank sweeps (data not shown). These observations sug-
gest that, if the channel enters an inactivated state ei-
ther along the activation pathway or after the open
state, then the recovery rate from that state is fast
enough so that the probability of observing blank
sweeps is not significantly affected by the interpulse du-
ration, and clustering of blank sweeps is not observed.
The possibility that first latencies longer than the pulse
duration contribute to the observation of blank sweeps
must also be considered. The potential contribution of
these various mechanisms to the occurrence of blank
sweeps will be discussed further when specific models
of KAT1 gating are considered.

Transitions After First Opening: Open States

Opening and closing events were assumed to behave as
time-homogeneous Markov processes, so the distribu-
tion of open and closed durations can therefore be fit-
ted with a sum of exponential functions. The number
of exponential functions that best fits each distribution
indicates the minimum number of discernible states at
each particular current amplitude. Fig. 5 A shows the
distributions of open durations at voltages between
2110 and 2190 mV fitted with single exponential func-
tions. Fits to sums of greater than one exponential did
not yield significantly improved fits to the open time
distributions using the maximum likelihood method. A
good fit of the open time distribution with a single ex-
ponential function indicates that there is only one dis-
cernible open state. The time constants derived from
fits to open time distributions are plotted as a function
of voltage in Fig. 5 B. Open times become shorter with
increasing hyperpolarization, even after the data are
corrected for missed events. Since the overall rate of
leaving the open state becomes faster with increasing
hyperpolarization, at least one of the individual leaving
rates should reside outside the activation pathway to-
wards first opening. Otherwise, if all transitions away
from the open state were to lie within the activation
pathway, as shown below (Scheme I), then the voltage
dependence of the sole transition rate constant leaving
the open state would be in the opposite direction to
that of overall activation, which is mechanistically un-
likely, although certainly possible. On the other hand,
if at least one of the closed states lies outside of the acti-
vation pathway (Scheme II), then the transition from
the open to the closed state outside the activation path-
way (rightward arrow) can become faster with hyperpo-
larization, which is congruent with the overall voltage
dependence of activation, and yet still accounts for the
voltage dependence of the mean open times. More
complex models that incorporate opposite voltage de-
pendences of individual rate constants and overall acti-
vation are certainly physically possible. However, the
simpler scheme (Scheme I) was adequate to explain

the features of gating (see below). A voltage-dependent
open time distribution differs from results seen in
Shaker channels, where the transitions between the
open and closed states outside the activation pathway
(Cf and Ci) are essentially voltage independent (Hoshi
et al., 1994).

Transitions After First Opening: Closed States

The distribution of closed times that occur after the
channel first opens is shown in Fig. 6 A at voltages rang-
ing from 2110 to 2190 mV. The data are well fit by a
sum of two exponential functions using the maximum
likelihood method, and greater than two exponentials
did not significantly improve the fits. This implies that
there are at least two discernible closed states in close
topological proximity to the open state. As seen in the
representative traces in Fig. 1 A, the two kinetically dis-
tinct closed states can be qualitatively discerned as long
and brief populations of closed durations. This type of
behavior can be described as bursting behavior, as the
channel flickers rapidly between closed and open states
in “bursts,” with occasional sojourns into a longer-lived
closed state, an interburst interval. In Fig. 6 B, the long
and brief component time constants from the two-expo-
nential fits to closed-time distributions are plotted sepa-
rately as functions of voltage. The long time constant
becomes shorter with more negative voltages, while the
brief component is essentially voltage independent.
The relative amplitudes of the long and brief compo-
nents are also shown as functions of voltage (Fig. 6 B).
Over the entire voltage range examined, the contribu-
tion of brief closed events is much greater than that of
long closed events.

The gating behavior of KAT1 single channel currents
can be analyzed in greater detail using burst analysis
(Colquhoun and Hawkes, 1995). As shown in the rep-
resentative traces of Fig. 1 A, bursts appear to become
longer, the number of bursts per sweep appears to in-
crease, and the time between each burst appears to de-
crease with increasing hyperpolarization. These quali-
tative observations will be confirmed by quantitative

(scheme i)

(scheme ii)
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burst analysis. In burst analysis, observed closed events
are assigned to one of two kinetically distinguishable
closed states using a burst criterion. Closed events
longer than the burst criterion are considered closures
into an interburst closed state, while closed events
shorter than the burst criterion are designated as clo-
sures into a within-burst closed state. A burst is then de-
fined as any series of open and closed events for which
the closed events are all shorter than the burst crite-
rion. However, it must be noted that any method used
to classify closed events as either within-burst or inter-
burst closed events will necessarily misclassify a small
fraction of long within-burst closed events as interburst
events and a small fraction of short interburst closed
events as within-burst events.

The selection of an appropriate burst criterion will
minimize false classification of closed events into the
inappropriate closed-time distribution (Jackson et al.,
1983), and several methods have been described to de-
termine an appropriate burst criterion for a given data
set (Magleby and Pallotta, 1983). The method used in
this article is to examine the closed-time distributions

and select a burst criterion that produces reasonable
exponential distributions for both the within-burst
closed times and the interburst closed times. A burst
criterion of 20 ms was chosen for KAT1, approximately
four to five times faster than the brief component time
constant of the closed-time distributions. Variation of
the burst criterion in this range will not alter the final
conclusions derived from the burst analysis, but will al-
ter the specific values of rate constants in the kinetic
model by only a modest amount (z20–25% with varia-
tion of the burst criteria from 10 to 50 ms).

In Fig. 7 A, the distribution of interburst closed times
at voltages ranging from 2110 to 2190 mV are shown.
An important limitation of burst analysis is that the dis-
tribution of interburst closed times is a valid measure of
transitions outside the burst event only if true single
channel patches are used, as is the case in Fig. 7. A sec-
ond limitation to the utility of the interburst closed-
time data is that the time constants measured are sensi-
tive to the pulse duration used, as some interburst du-
rations span the pulse duration after the initial burst
event and are cut short (the right censor time). This

Figure 5. (A) Frequency histo-
grams of open durations mea-
sured at several voltages from
KAT1 channels. The data were
fitted with single exponential
functions, represented by the
solid curves. The histograms are
plotted using the log-binning
transformation of Sigworth and
Sine (1987) as described in
methods. (B) Time constants
derived from the exponential fits
to the open time distributions
are plotted as a function of volt-
age. The data points represent
several patches. The exponential
fits have been corrected for the
left and right censor times, as de-
scribed in methods.
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right censor time error was corrected in the exponen-
tial fits to the duration distributions (Lawless, 1982;
Hoshi and Aldrich, 1988). Fig. 7 B plots the time con-
stants from fits to interburst closed-duration distribu-
tions as a function of voltage. The interburst closed du-
rations become shorter with increasing hyperpolariza-
tion, implying that the channel will spend less time
outside of the bursting states with increasing hyperpo-
larization. The voltage dependence of interburst closed
times suggests that the interburst closed-to-open–state
transition will proceed in the same direction as overall
channel activation, as this transition becomes faster
with hyperpolarization. This is most parsimoniously ac-
complished with a model that places the interburst

closed state along the activation pathway, leading di-
rectly to the open state. Since it was argued earlier that
at least one of the burst closed states is likely to lie out-
side of the activation pathway, the within-burst closed
state will therefore reside outside of the activation path-
way in the final kinetic model.

Fig. 8 A shows the distribution of within-burst closed
times at voltages ranging from 2110 to 2190 mV. Each
distribution has been fitted by a single exponential
function, and the time constants from these fits are
plotted as a function of voltage in Fig. 8 B. There is very
little voltage dependence to the within-burst closed
times, and because this transition lacks significant volt-
age dependence, conclusions about the location of the

Figure 6. (A) Frequency histograms of closed-time durations measured at several voltages from KAT1 channels. The data were fitted
with a sum of two exponential functions and displayed as described in methods. The solid curves represent the overall fits, and the dashed
curves represent the individual exponential components. (B) The time constants and relative amplitudes for the brief and long compo-
nents of the fits to closed time distributions are plotted as functions of voltage.
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within-burst closed state along the activation pathway
cannot be inferred. However, as stated earlier, the
within-burst closed state is likely to reside after the
open state in the final kinetic model.

A Kinetic Model of KAT1 Gating: Burst Analysis

A kinetic scheme that incorporates bursting behavior
will contain at least three kinetically distinguishable
states: two closed (the interburst and within-burst closed
states) and one open state. With two closed states and
one open state, there are exactly three possible config-
urations for arranging these states with respect to each
other. The first is a triangular arrangement, where
each of the three states can be entered from any of the
two other states directly. This configuration was not en-
tertained because (a) there is no experimental evi-
dence in the voltage dependence of the duration distri-
butions that favors a triangular configuration over a lin-
ear configuration, and (b) such a configuration
introduces an additional free parameter into the
model. The second configuration is a “CCO” model, as
shown in Scheme III, where the two closed states are

adjacent and only the shorter-lived closed state is in di-
rect communication with the open state (the bursting
states are outlined by the box).

The third configuration is a “COC” model, as shown
in Scheme IV, where the open state resides in between
the two closed states, allowing direct communication
between the open state and both closed states.

Note that the numbering system used for the states
and transitions in Schemes III and IV are labeled to be
consistent with the final kinetic scheme determined

(scheme iii)

(scheme iv)

Figure 7. (A) Frequency histo-
grams of interburst closed dura-
tions measured at several volt-
ages from KAT1 channels. The
data have been fitted with single
exponential functions, repre-
sented by the solid lines. (B) The
interburst duration distribution
time constants derived from the
single exponential fits are plot-
ted as a function of voltage.
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later. At any given voltage, it is not possible to discrimi-
nate experimentally the CCO and COC models, as
both can be fitted equally well to any single channel
bursting data set. However, several factors favor the
COC model for KAT1 channels. First, given a single
open state, as proposed for KAT1, the distribution of
open times will be a single exponential with a mean du-
ration of 1/(the sum of all rates leaving the open
state). Given the observation that (a) KAT1 activation
kinetics become faster with increasing hyperpolariza-
tion, and (b) the sum of leaving rates from the open
states also becomes faster with increasing hyperpolar-
ization (Fig. 5 B), at least one of the transitions from
the open state will likely lie outside the activation path-
way, as suggested earlier. Therefore, the minimal ki-
netic scheme that accounts for both the voltage depen-
dences of these transitions as well as the channel’s
bursting behavior is most likely the COC scheme. A
counter-argument might be that the data can be ex-
plained by a CCO or COC bursting model where both
burst closed states reside outside the activation path-
way, as shown in Scheme V, A and B, respectively.

These models are less favorable because they require
the introduction of additional states and would also re-
quire the voltage dependence of rate constants leaving
the interburst closed state to be opposite the voltage
dependence of overall activation. Kinetic models as de-
picted in Scheme V will have more than the minimal
number of free parameters necessary to describe the
behavior of KAT1 channels. Therefore, a within-burst
closed state residing after the open state is the simplest
kinetic model to satisfy a COC configuration.

(scheme v)

Figure 8. (A) Frequency histo-
grams of within-burst closed du-
rations measured at several volt-
ages from KAT1 channels. A
burst criterion of 20 ms was used.
The solid lines represent single
exponential fits to the data. (B)
Time constants derived from the
exponential fits to the within-
burst closed time duration histo-
grams are plotted as a function
of voltage.
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If the interburst closed state were indeed to lie within
the activation pathway, then the distribution of inter-
burst closed times must be shorter than the distribu-
tion of first latencies at any given voltage, as sojourns
into the interburst closed state will include a subset of
all possible states along the activation pathway. In Fig. 9 A,
the interburst durations are displayed as tail distribu-
tions and superimposed with the first latency tail distri-
butions at 2140, 2160, and 2190 mV. For a popula-
tion of sweeps at a given voltage, the interburst dura-
tions are indeed shorter than the first latencies, consistent
with a model that has the interburst closed state located
within the activation pathway. The consistently longer
distributions for first latencies compared with the inter-
burst closed times also implies that there are multiple
closed states along the activation pathway. Moreover, if
the interburst closed state were to reside within the ac-
tivation pathway, then the overall voltage dependence
of the interburst closed durations must always be less
than or equal to that of the voltage dependence of first
latencies. Fig. 9 B superimposes the mean interburst
closed durations with the mean first latencies as func-
tions of voltage, confirming this prediction.

Therefore, the KAT1 kinetic scheme will at this point
have the following features: (a) bursting behavior that
is described by a COC model, (b) a within-burst closed
state that lies outside the activation pathway and whose
entering rate from the open state becomes faster with
increasing hyperpolarization, (c) an interburst state
that lies within the activation pathway with a transition
into the open state that becomes faster with hyperpo-
larization, (d) a relatively voltage-independent transi-
tion from the within-burst closed state to the open
state, and (e) a transition from the open state to the in-
terburst closed state that becomes slower with hyperpo-
larization. Scheme VI satisfies these criteria.

Using the COC model (Scheme IV) and the general
Markov property that the mean dwell time in any par-
ticular kinetic state is equal to the inverse of the sum of

(scheme vi)

Figure 9. (A) Comparison of interburst closed durations (thin lines) and first latency (thick lines) distributions plotted as tail distributions
at 2140, 2160, and 2190 mV. The distributions represent the probabilities that the interburst and first latency durations are longer than
the times indicated on the axis. (B) Mean interburst closed durations and mean first latencies are plotted together as functions of voltage.
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all rate constants leaving that state, we can now use the
single channel data to assign specific rate constants to
transitions in this bursting scheme. Using Scheme IV,
the mean open time (Fig. 5) can be described by a sin-
gle exponential function with a time constant equal to
the inverse of the sum of the rates leaving the open
state:

(3)

The within-burst closed-time distribution is described
by a single exponential function with a time constant
equal to:

(4)

The interburst closed-time distribution can be de-
scribed by an exponential function with a time constant
as follows, assuming that any other transitions out of
this state are negligible:

(5)

Note that Eq. 5 is an approximation if Scheme VI is en-
tertained, as it assumes that all long closed events after
first opening only involve transitions into the interburst
state without additional transitions into adjacent closed
states along the activation pathway. This is a reasonable
assumption at the hyperpolarized potentials studied,
where the interburst closed-time distributions are well
fitted with single exponentials and the backward rates
away from the bursting states are expected to be rela-
tively slow.

Furthermore, according to Scheme IV, an open
channel will continue to burst with a probability of

and it will terminate a burst with a probability of

The number of openings per burst (n) will be de-
scribed by a geometric distribution:

(6)
where 

is the probability of terminating a burst. The distribu-
tion described by Eq. 6 gives a mean number of open-
ings per burst equal to

In Fig. 10 A, the distributions of the number of open-
ings per burst are shown for voltages ranging from
2110 to 2190 mV. The distributions of the number of
openings per burst are fitted with geometric distribu-

τopen
1

k32 k34+
--------------------.=

τburstclosed
1

k43
------.=

τ interburst
1

k23
------.≅

k34

k32 k34+
--------------------,

k32

k32 k34+
--------------------.

P n( ) 1 q–( ) n 1– q,=

q
k32

k32 k34+
--------------------=

mo 1
k34

k32
------+ .=

tions, and the probability of terminating a burst (q) de-
rived from these fits are plotted as a function of voltage
in Fig. 10 B. Eqs. 3–6, along with measurements of
open time, closed time, and burst durations over a wide
voltage range can then be used to determine every rate
constant of Scheme IV by solving for each individual
rate constant as a function of the various measured
dwell time distributions. In Table I, the equations for
determining each rate constant in the COC bursting
scheme are shown.

The interburst closed-duration distributions were not
as well determined as the other distributions because of
the relatively small number of events in each distribu-
tion. Therefore, the associated rate constant (k23) was
allowed to relax in fitting the ensemble averages and
cumulative first latency distributions (see below). How-
ever, the final values determined for this rate constant
are comparable with the original values determined by
burst analysis. The calculated burst rate constants are
plotted as functions of voltage in Fig. 11 A. As ex-
pected, the forward rate constants k23 and k34 become
faster with increasing hyperpolarization, while the rate
constant leaving the burst (k32) becomes slower with in-
creasing hyperpolarization. The rate constant leaving
the within-burst closed state (k43) is essentially voltage
independent. Interestingly, the two individual rate con-
stants leaving the open state demonstrate relatively
strong voltage dependence, but because their voltage
dependences are in opposite directions, the open time
distributions are much less voltage dependent. More-
over, all four rate constants appear to follow a single ex-
ponential voltage dependence.

t a b l e  i
Formulas Used to Calculate Burst Transition Rates

Rate Solution

k23

k34

k32

k43

Equations for the individual rate constants in the bursting model of
Schemes IV and VIII. The equations were derived by solving for each rate
constant in Eqs. 3–6. To solve for rate constants k34 and k32, Eq. 3 describ-
ing the mean open duration was solved simultaneously with the equation
describing the probability of terminating a burst:

.

The interburst closed duration distributions were not as well determined
as the other bursting parameters because each distribution had signifi-
cantly fewer data points. Therefore, the rate constant k23 as determined by
burst analysis was allowed to relax when fitting the ensemble averages and
first latency distributions.
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As stated earlier, the probability of terminating a
burst (q) decreases significantly with more negative
voltages, suggesting that the channel is more apt to
continue bursting at hyperpolarized potentials. More-
over, this voltage dependence of q is consistent with the
interburst closed state residing within the activation
pathway and the within-burst closed state residing out-
side of the activation pathway. These data also imply
that the increased steady state open probability with
more negative voltages is in large part a result of longer
bursting periods. This can be confirmed by examining
the distribution of burst durations. The mean burst du-
ration can be measured directly and calculated from
the rate constants determined in Scheme IV, as follows.

The product of the mean number of openings per
burst and the mean open time will give the total time a
channel spends in the open state per burst:

Likewise, the total time spent per burst in the within-
burst closed state is the product of the mean within-
burst closed time and the mean number of openings
per burst, less one:

The mean burst duration is then the sum of the mean
total open and closed times per burst:

Tburstopen mo τopen× 1
k34

k32
------+ 

  1
k32 k+ 34

-------------------- 
  1

k32
------.= = =

Tburstclosed mo 1–( ) τburstclosed×
k34

k32k43
--------------.= =

Figure 10. (A) Frequency histograms of the number of openings per burst at several voltages, using a burst criterion of 20 ms. The data
are fitted by a geometric distribution (Eq. 6), represented by the dots. The probability of terminating a burst (q) and the total number of
openings are shown for each voltage. (B) The probability of terminating a burst (q), derived from the geometric fits, is plotted as a func-
tion of voltage.
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(7)

Fig. 11 B superimposes the measured mean burst dura-
tions and the mean burst durations calculated by apply-
ing the rate constants in Fig. 11 A to Eq. 7 as functions
of voltage, which serves as an internal check for correct-
ness of fit and theory. Fig. 11 B demonstrates close
agreement between the measured and calculated burst
durations, confirming that Scheme IV describes the
bursting behavior of KAT1 reasonably well.

A Kinetic Model of KAT1 Gating

The nucleus of a kinetic model for KAT1 gating can be
described by Scheme IV, with rate constants derived
from burst analysis (Fig. 11 A). The next step in creat-
ing a kinetic model is to account for the behavior of the
KAT1 channel before first opening. This model will
have the following properties: (a) a COC bursting
scheme as described in the previous section, (b) any ad-
ditional closed states in the activation pathway will be

Tburstduration Tburstopen Tburstclosed+
k34 k43+

k32k43
--------------------.= =

located to the left of the interburst closed state, as
shown earlier in Scheme VI, and (c) the voltage depen-
dence of each rate constant is assumed to be in the
same direction as the overall voltage dependence of
the KAT1 channel, where increasing hyperpolarization
produces faster rates in the general direction of activa-
tion (left-to-right in Scheme VI) and slower rates in the
reverse direction (right-to-left in Scheme VI).

The number of closed states in the activation path-
way and the values and voltage dependences of their
rate constants must account for the first latency and en-
semble average data. Macroscopic currents, ensemble
averages, and first latency distributions all display a
small but measurable sigmoidicity in the activation
time course that must be incorporated in the model.
Fits of the data to several candidate models suggest that
a minimum of three closed states, including the inter-
burst closed state, are located along the activation path-
way. Furthermore, the transition from the interburst
closed state to the open state is not a free parameter at
this point, as its values in the voltage range of KAT1 ac-
tivation have been determined by the burst data. Fewer
than three closed states in the activation pathway failed
to produce adequate fits to the ensemble average and
first latency data (data not shown). The minimal con-
figuration necessary to account for these data is shown
in Scheme VII.

Inactivated States

As discussed previously, the first latency distributions
(Fig. 3 A) do not always reach a steady state probability
of one, reflecting either an inactivated state entered
directly from one of the closed states, right-censoring
of the data, or incomplete recovery from closed or inac-
tivated state(s) entered after the channel opens. To
produce good qualitative fits to the steady state open
probabilities derived from ensemble averages and the
distributions of first latencies in the positive voltage
range, a transition to an inactivated state directly en-
tered from state C0 was introduced. The contribution
of blank sweeps is significant only at depolarized poten-
tials. The minimal contribution of the inactivated state
was determined to be the contribution required to ac-
count for steady state cumulative first latencies less
than one in the fits not accounted for by first latencies
longer than the right censor time. This small correc-
tion can then be incorporated into the model as an in-
activated or accessory closed state that is entered di-
rectly from the closed state(s) along the activation

(scheme vii)

Figure 11. (A) The rate constants k23, k34, k32, and k43 from
Scheme IV, calculated using Eqs. 3–6, are plotted as functions of
voltage. The voltage dependences of the four rate constants are
plotted on logarithmic scales. (B) Comparison of the mean burst
durations measured directly using a burst criterion of 20 ms (s)
and calculated using Eq. 7 and the rate constants derived from
burst analysis (n). The COC bursting scheme is shown at right for
reference.
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pathway. In our analysis, only the minimal contribution
of the inactivated state has been determined.

Although inactivation could, in principle, occur from
a number of closed states, state C0 in Scheme VII was
chosen as the state connected directly with the inacti-
vated state for several reasons. First, among the closed
states along the activation pathway, locating the inacti-
vated state at state C0 is least likely to affect the burst ki-
netics previously described, which do not suggest the
existence of an inactivated state near the burst states.
Second, it is unlikely that the inactivated state can be
entered either from the open state (O3) or the closed
state located outside the activation pathway (C4). Given
the fraction of blank sweeps observed at depolarized
voltages and given the fit of Scheme VII to the activa-
tion kinetics and burst data, the rate constant required
for entering an inactivated state located in direct con-
nection with either states O3 or C4 would result in an ob-
servable time-dependent inactivation process in the
ensemble averages. Furthermore, this time-dependent
inactivation process would only be apparent at depolar-
ized potentials where the entry rate into the inactivated
state is significant. A time-dependent inactivation pro-
cess is not observed in KAT1 ensemble averages (Fig. 2
A), which makes such a kinetic scheme unlikely; how-
ever, a model in which the inactivated state can be ac-
cessed from more than one state along the activation
pathway cannot be excluded.

The Final Kinetic Model

Given the rate constants derived for Scheme VII, the
observation of blank sweeps in KAT1 currents at depo-
larized voltages is best accounted for by the combined
contribution of first latencies longer than the pulse po-
tential and by an inactivated state that can be directly
entered by a closed state(s) located early along the acti-
vation pathway (Scheme VIII).

In Scheme VIII, the rate of entering the inactivated
state is slow at hyperpolarized voltages and fast at depo-
larized voltages. The recovery rate from this inactivated
state is relatively fast at all voltages examined.

Fig. 12 A displays fits of Scheme VIII to the ensemble
averages at voltages ranging from 2110 to 2190 mV.
Values for the rate constants k23, k34, k32, and k43 were
those derived from the burst analysis, with the rate con-
stant k23 allowed to relax, as mentioned earlier. The
same values for all rate constants were used in the fits to

(scheme viii)

the ensemble averages as well as the first latency distri-
butions. The data are well fitted by three closed states
in the activation pathway, and the model accounts for
the sigmoidicity of activation as well as the voltage de-
pendence of activation. Fig. 12 B displays first latency
cumulative distributions at voltages ranging from 2110
to 2190 mV fitted with Scheme VIII. An important as-
sumption made in deriving these fits was that the re-
verse transitions before first opening are negligible,
which is reasonable over the hyperpolarized potentials
examined, particularly in the voltage range where the
steady state open probability is greater than one half.
Therefore, these reverse rate constants were set to zero
at all activating potentials measured. Relaxing this con-
straint does not alter the overall architecture of the ki-
netic scheme used; rather, using nonzero reverse tran-
sitions merely changes the absolute values of the for-
ward rates.

The model’s ability to predict the deactivation kinet-
ics and voltage dependence can best be tested by fitting
the macroscopic tail currents. Fig. 13 A plots a family of
tail currents recorded from macroscopic patches be-
tween 2100 and 210 mV in 10-mV steps elicited after a
test pulse to 2160 mV. Deactivation tail currents are
relatively fast in this voltage range. The tail currents
have been fitted with Scheme VIII. The tails were in-
verted and scaled so that the initial current amplitude
would fit the model’s prediction of the steady state
open probability at 2160 mV. Because the test pulse of
2160 mV does not maximally activate KAT1 channels
according to the open probability voltage dependence
in Fig. 2 B, the relative distribution of initial probabili-
ties among the various states in Scheme VIII was deter-
mined by fits to the model. These fits reveal that the
rate constant k32 is the most important determinant of
the time course of the deactivation tail currents, and,
moreover, the values for this rate constant determined
by burst analysis predict the deactivation tail kinetics
well.

The model also predicts the existence of a small but
noticeable initial rising phase that lasts ,2 ms during
the deactivation tail currents at depolarized potentials.
According to the model, transitions from the within-
burst closed state (C4), through the open state (O3),
and then into the interburst closed state (C2) account
for the rising phase seen in the deactivation tail cur-
rents. The observed deactivation tail currents were fit-
ted to the predominantly single exponential decaying
time course of the model tail currents, and in Fig. 13 A
the tail currents are shown only after the initial capaci-
tive transient, and so an initial rising phase is not seen.
However, the predicted rising phase has been observed
in KAT1 deactivation tails when recording conditions
are optimized for more rapid kinetic measurements (T.
Hoshi, personal communication). The ability of the
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model to fit the overall macroscopic tail kinetics dem-
onstrates that Scheme VIII can adequately predict the
deactivation properties of KAT1. In Fig. 13 B, the mea-
sured steady state single channel G(V) relationship is
compared with the G(V) predicted by the model, dem-
onstrating close agreement.

Evident in the first latency distributions, particularly
at voltages ranging from 2140 to 2160 mV, is a slow

component of activation that is not well fitted by
Scheme VIII, as noted in fits to first latencies in Fig. 12 B,
a “slow creep” particularly evident between 2120 and
2160 mV. This slow creep can be accounted for with a
closed state that branches off from one of the closed
states along the activation pathway. However, for the
purposes of this article, the slow creep was not ac-
counted for in the final kinetic scheme.

Figure 12. (A) Fits of Scheme
VIII to KAT1 ensemble averages
at several voltages. Best fits were
determined by eye. The rate con-
stants k23, k34, k32, and k43 were de-
termined by the burst analysis as
shown in Fig. 19, and the reverse
transitions k10 and k21 were set to
zero over the voltage range ex-
amined in this figure. The thick,
smooth lines represent the fits,
while the thin, noisy lines repre-
sent the ensemble averages. Volt-
ages are indicated. (B) Fits of
Scheme VIII to cumulative first
latency distributions for KAT1 at
several voltages. All rate con-
stants except forward transitions
before first opening, k01, k12, and
k23, were set to zero over the en-
tire voltage range examined. The
solid lines represent the first la-
tencies, and the dashed lines rep-
resent the fits.
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An additional modification to the kinetic model for
KAT1 gating can be considered. Given the structural
similarities between KAT1 and Shaker K1 channels, it
could be argued that KAT1 channels are likely to be
formed by a tetramer of four individual KAT1 subunits,
as seen in Shaker channels. It is therefore interesting to
consider whether KAT1 activation follows a Hodgkin-
Huxley (HH) scheme, with four independent and

identical transitions that must occur before the chan-
nel first opens (Hodgkin and Huxley, 1952), or per-
haps a scheme similar to that described for Shaker chan-
nels involving independent and identical transitions
followed by an additional transition before the open
state (Zagotta and Aldrich, 1990; Zagotta et al., 1994b;
Schoppa and Sigworth, 1998c). In fits to both the en-
semble averages and the first latencies, the HH model
and the related model with an additional final transi-
tion predicts too much sigmoidicity in the activation
time course, particularly at depolarized voltages. Given
all of the considerations enumerated so far, it can be
argued that the kinetic model described by Scheme
VIII best predicts the gating behavior of KAT1 chan-
nels among the models considered in this article.

In Fig. 14, the rate constants for every transition de-
scribed in Scheme VIII are plotted as functions of volt-
age. Note that the four rate constants described by the
burst analysis are identical to those presented in Fig.
11, with only minor alterations in the rate constant k23.
Moreover, the specific values determined for rate con-
stants in Scheme VIII do not follow the ratios expected
for a Hodgkin-Huxley model, again arguing against
such a model. The voltage-dependent rate constants in
Fig. 14 have been fitted by single exponential functions
using the following equation:

(8)

where zn represents the equivalent gating charge. The
amplitudes and voltage dependencies, expressed as
units of electronic charge, are shown for each rate con-
stant in Table II. The magnitude of the total charge ob-
tained by adding the individual equivalent charges for
each rate constant in Scheme VIII is 3.42e, while the

kn n0e
zn FV( ) RT( )⁄–

,=

Figure 13. (A) Fits of KAT1 macroscopic deactivation tail cur-
rents to Scheme VIII. The tails were elicited after a 500-ms activat-
ing pulse to 2160 mV, followed by a 500-ms tail pulse over a volt-
age range of 2100 to 210 mV in 10-mV steps. The tail currents
have been reversed in polarity to facilitate fits using the model.
The tail currents were scaled at their initial points to coincide with
the steady state open probability predicted by the model for the ac-
tivating potential used (2160 mV). The distributions of initial
probabilities among the various states in Scheme VIII were deter-
mined by fits of the model to the burst, ensemble average, and first
latency data. (B) Fits of Scheme VIII to the steady state open prob-
ability versus voltage relationship for wild-type KAT1 currents. The
steady state open probability (s) was determined as described in
Fig. 2. The open probabilities calculated from the model (j) were
determined by measuring the steady state open probability from
the calculated waveforms.

t a b l e  i i
Summary of the Fits to the Rate Constants for Scheme VIII

Rate constant n0 (s21) zn (e2 charges)

k01 11.8 0.24

k12 1.17 0.26

k23 0.24 0.71

k34 3.67 0.47

k10 139 20.57

k21 126 20.71

k32 186 20.40

k43 430 20.056

Amplitude and equivalent charge derived from exponential fits to the rate
constants in Scheme VIII. Each rate constant has been fitted with a single
exponential function: where V is voltage, and F, R, and T
have their usual meanings. The absolute value of the total equivalent
charge derived by summation of all individual charges from each rate con-
stant is 3.42e, compared to an absolute value of the apparent charge of
1.36e derived by the Boltzmann fit to the G(V) relationship. In general,
the rate constants closer to the open state are more important in deter-
mining the quantitative fits to the data, and are therefore better deter-
mined than the other rate constants.

kn n0e znFV RT⁄–=
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magnitude of the apparent charge derived from fitting
the G(V) relationship is 1.36e. This discrepancy high-
lights the caution required in interpreting parameters
obtained from fits of the data to a Boltzmann function
when the appropriate gating scheme is not a simple
two-state model.

Mutations in the S4 Region

Mutagenesis studies of the S4 region of Shaker-family
potassium channels have implicated the S4 region in
voltage-dependent gating (Liman et al., 1991; Papazian
et al., 1991; Logothetis et al., 1992, 1993; Schoppa et al.,
1992; Tytgat and Hess, 1992; Shao and Papazian, 1993;
Yang and Horn, 1995; Larsson et al., 1996; Mannuzzu
et al., 1996; Cha and Bezanilla, 1997). Given these re-
sults, one might expect that similar mutations in the S4
region of KAT1 would also have substantial effects on
voltage-dependent gating, if indeed the gating mecha-
nisms of KAT1 bear structural and mechanistic similari-
ties to that of other voltage-gated channels. Initially,
several neutralization mutations in the S4 region of
KAT1 were introduced (our unpublished results), and
a wide range of effects was seen on voltage-dependent
gating. The two mutations with the most dramatic ef-
fects, R177Q and R176L, were chosen for further study

using single channel kinetic analysis. In Fig. 15, the S4
sequence of wild-type KAT1 is shown along with the
R177Q and R176L mutations.

Fig. 16 compares representative single channel cur-
rent sweeps from wild-type KAT1 (left), R177Q mutant
(center), and R176L mutant (right) channels. Voltages
encompassing the range of activation were used for all
three channels. The voltage range of activation for
both R177Q and R176L is much more positive than that
of wild-type KAT1 channels. However, the wild-type
and two mutant KAT1 channel currents have several
characteristics in common, including voltage-dependent
first latencies and bursting behavior. Neither S4 muta-
tion altered single channel conductance.

The overall behavior of the two S4 mutant channels
can be examined with ensemble averages. Fig. 17, A
and B, plots ensemble averages expressed as open
probabilities over a range of voltages for the R177Q
and R176L mutants. In Fig. 17, C and D, the steady state
open probabilities are plotted as a function of voltage.
For comparison, the open probability–voltage relation-
ship for wild-type KAT1 is plotted simultaneously. Over-
all, these S4 mutations shift the equilibrium between
the open and closed states towards the open state over
the activation voltage range. Fits to a Boltzmann func-
tion (Eq. 2) for both S4 mutations demonstrate depo-

Figure 14. Rate constants for
Scheme VIII are plotted as func-
tions of voltage. The rate con-
stants k23, k34, k32, and k43 were de-
termined by burst analysis as
shown, while the rate constants
k01 and k12, and the final value for
k23 were determined by fits of the
model to the first latency and en-
semble averages, given the rate
constants determined by burst
analysis in the COC model. The
rate constants k10 and k21 were set
to zero over the activation volt-
age range between 2110 and
2190 mV, and fits of the model
to macroscopic deactivation tail
currents were used to determine
these rate constants between
2100 and 210 mV. Several
patches are represented by the
data points. 

Figure 15. Amino acid se-
quences of wild-type KAT1,
R177Q, and R176L mutant chan-
nels. The charged amino acid
residues at every third position
are highlighted, and the mutated
residues are shown below the
wild-type KAT1 S4 sequence.
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larizing shifts in the V1/2 compared with wild-type
KAT1, by 154 and 189 mV in R177Q and R176L, re-
spectively. The slope factor, z, is unchanged in the
R177Q mutant, while R176L decreases the absolute
value of the apparent steady state voltage dependence
(z 5 0.54e, compared with 1.36e in the wild type).

In Fig. 17, A and B, the ensemble averages have been
fitted using Scheme VIII (see below). Note that the
early times in the fits to ensemble averages for R176L
deviate from the data slightly. This is likely a result of the
prepulse potential used in the pulse protocol (0 mV),
which is a potential at which the steady state open prob-

ability of R176L is not zero. Therefore, a small number
of sweeps will have currents from channels that are al-
ready open before the start of the voltage pulse. This
can be corrected by a small adjustment in the initial
probabilities to correspond to the predicted nonzero
open probability for R176L (data not shown).

Mutations in the S4 Region: Effects on Closed States Before 
First Opening

As seen in the ensemble averages for R177Q and R176L
in Fig. 17, the time course of activation is faster in the

Figure 16. Representative sin-
gle channel currents from wild-
type KAT1 (left), R177Q (middle),
and R176L (right) channels re-
corded in the inside-out patch
configuration in response to hy-
perpolarizing voltage pulses. The
voltages are indicated. The data
for wild-type KAT1 at all voltages
shown were filtered at 0.6 kHz
and sampled at 1.54 kHz, and are
the same traces as shown in Fig.
1. The data for R177Q at 2180,
2160, 2140, 2120, 2100, 280,
and 260 mV were filtered at 0.6,
0.6, 0.7, 0.7, 0.7, 0.2, and 0.15
kHz, respectively, and sampled at
0.95 kHz. The data for R177Q
at 2180, 2160, 2140, 2120,
2100, 280 and 260 mV were fil-
tered at 0.9, 0.9, 0.3, 0.5, 0.4, 0.4,
and 0.15 kHz, respectively, and
sampled at 0.95, 0.95, 0.95, 1.54,
1.54, 1.54, and 0.95 kHz, respec-
tively. The voltage pulses were
delivered every 2–6 s. The
prepulse, tail, and holding po-
tentials were 240 mV for wild-
type currents and 0 mV for both
R177Q and R176L currents.
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mutant channels compared with the wild-type channel.
In Fig. 18, A and B, first latencies are plotted as cumula-
tive distributions over a wide voltage range for R177Q
and R176L channels, respectively. Fits to the first la-
tency distributions using Scheme VIII with appropri-
ately adjusted rate constants have been superimposed,
demonstrating that Scheme VIII accurately predicts the
activation time course in R177Q and R176L channels.
As in the fits to wild-type ensemble averages, the early
times in the fits to ensemble averages for R176L deviate
from the data slightly, likely the result of nonzero

prepulse open probabilities that can be corrected in
the modeling (data not shown).

In Fig. 18, C and D, median first latencies for R177Q
and R176L channels are plotted as functions of voltage,
with median first latencies for wild-type KAT1 superim-
posed for comparison. The median first latencies for
R177Q and R176L are shorter at any given voltage com-
pared with wild-type KAT1. The shorter first latencies
are consistent with the depolarizing shift of the steady
state G(V) relationships seen in both S4 mutants (Fig.
17). The time course of the ensemble averages and first

Figure 17. (A) Ensemble aver-
ages of R177Q single-channel
currents expressed as open prob-
abilities at several voltages. Open
probability is calculated by divid-
ing the ensemble average cur-
rent by the number of channels
in the patch (only single channel
patches were used in the ensem-
ble averages shown) and the
measured unitary current ampli-
tude. Voltages are indicated. Re-
cording conditions were as de-
scribed in Fig. 16. Fits of Scheme
VIII to the ensemble averages
have been superimposed, repre-
sented by the solid lines. (B) En-
semble averages of R176L single-
channel currents expressed as
open probabilities at several volt-
ages. Open probability was calcu-
lated as described in A, and fits to
the ensemble averages using
Scheme VIII have been superim-
posed, represented by the solid
lines. (C) Voltage dependence of
the steady state open probability
for R177Q single channel cur-
rents, with wild-type open proba-
bilities superimposed. Data from
several patches are shown. The
smooth curves represent Boltz-
mann functions expressed by
Eq. 1. (D) Voltage dependence
of the steady state open probabil-
ity for R176L single channel cur-
rents, with wild-type open proba-
bilities superimposed. Data from
several patches are shown. The
smooth curves represent Boltz-
mann functions as described in C.
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latency distributions are similar (data not shown), sug-
gesting that, as in wild-type KAT1, transitions leaving
the open state do not significantly contribute to KAT1
activation kinetics (Fig. 3 C).

Mutations in the S4 Region: Effects on Open States

Fig. 19, A and B, plot distributions of open times at sev-
eral voltages for R177Q and R176L channels, respec-

tively, fitted to single exponential functions indicating
that R177Q and R176L channels possess only one ki-
netically discernible open state. Fits to greater than a
single exponential did not significantly improve fits.
The time constants from the fits to open time distribu-
tions are plotted as functions of voltage for R177Q and
R176L in Fig. 19, C and D, with wild-type open times
shown for comparison. The open times for R177Q and
R176L mutant channels are slightly longer than open

Figure 18. (A) Cumulative dis-
tributions of first latencies re-
corded at several voltages for
R177Q currents. The distribu-
tions show the probabilities that
the channel first opened by the
times indicated. The openings
were elicited in response to
1,000–1,600-ms pulses from a
prepulse potential of 0 mV. Fits
of Scheme VIII to cumulative
first latency distributions are su-
perimposed. All rate constants
except forward transitions before
first opening, k01, k12, and k23,
were set to zero over the entire
voltage range examined. The
solid lines represent the first la-
tency distributions and the
dashed lines represent the fits.
(B) Cumulative distributions of
first latencies recorded at several
voltages for R176L currents. The
conditions are as described in A.
Fits of Scheme VIII to cumulative
first latency distributions are su-
perimposed. (C) Median first la-
tencies for R177Q currents (h)
are plotted as a function of pulse
potential, with median first laten-
cies for wild-type KAT1 superim-
posed (s). Several patches are
represented by the data points.
(D) Median first latencies for
R176L currents (n) are plotted
as a function of pulse potential,
with median first latencies for
wild-type KAT1 superimposed
(s). Several patches are repre-
sented by the data points.
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times in the wild-type channel at any given voltage, sug-
gesting that one or more of the transitions leaving the
open state are slower in the mutants than in the wild-
type channel. Because the rate constant from the open
state into the within-burst closed state (k34) is signifi-
cantly faster than the rate constant from the open state
to the interburst closed state (k32), altering the rate
constant k32 should have only small effects on the ob-
served open durations. The observed modest effects of
the S4 mutations on the open times are consistent with
a slowing of k32.

Mutations in the S4 Region: Effects on Closed States After 
First Opening

The closed-time distributions for R177Q and R176L
channels at several voltages are shown in Fig. 20, A and
B, respectively. The data are well fitted by a sum of two
exponentials, as additional exponential components
did not significantly improve the fits. In Fig. 20, C and
D, the time constants and relative amplitudes of the
brief and long components derived from these fits are
shown, with corresponding data for the wild-type chan-

Figure 19. (A) Frequency histograms of open durations measured at several voltages from R177Q channels, with voltages as indicated.
The data were fitted with single exponential functions, represented by the solid curves and displayed as described in methods. (B) Fre-
quency histograms of open durations measured at several voltages from R176L channels, with voltages as indicated. The data were fitted
with single exponential functions, represented by the solid curves and displayed as described in methods. (C) Voltage dependence of the
time constants derived from exponential fits to open time distributions for R177Q currents (h). Open duration time constants for wild-
type KAT1 currents are superimposed (s). The data points represent several patches. The open duration distribution time constants have
been corrected for missed events as described in methods. (D) Voltage dependence of the time constants derived from the exponential
fits to open time distributions for R176L currents (n). Open duration time constants for wild-type KAT1 currents are superimposed (s).
The data points represent several patches.
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nel superimposed for comparison. Neither the R177Q
nor R176L mutations significantly alter the relative am-
plitudes of the long and brief closed-time components.
The long component time constant, however, is notice-
ably shorter in both R177Q and R176L compared with
the wild type.

In Fig. 21, A and B, the time constants derived from
single exponential fits to interburst closed-time distri-
butions at several voltages are shown, along with corre-
sponding data from wild-type KAT1 for comparison. As
in wild-type KAT1, a burst criterion of 20 ms was used.
The time constants from these fits are shorter than
those for wild-type KAT1, reflecting shorter sojourns
into the interburst closed state in the mutants. The ef-
fect of these S4 mutations is consistent with shifting the

occupancy of states in the proposed kinetic model to-
wards the right in the kinetic scheme for KAT1 and in-
creasing the rate constants of the transitions leaving
the interburst closed state. In Fig. 21, C and D, the time
constants from single exponential fits to within-burst
closed-time distributions are shown at several voltages
for R177Q and R176L channels, respectively, with data
from wild-type KAT1 superimposed for comparison.
The within-burst closed-time distributions are unchanged
by the S4 substitutions and remain relatively voltage in-
dependent over the voltage range examined, indicat-
ing that the alterations in the S4 region have little ef-
fect on the transition from the within-burst closed state
to the open state.

In Fig. 21, E and F, the probability of terminating a

Figure 20. (A) Frequency histograms of closed durations measured at several voltages for R177Q currents. The data were fitted with a
sum of two exponential functions. The solid curves represent the overall fits, and the dashed curves represent the individual exponential
components. The data are displayed as described in methods. (B) Frequency histograms of closed durations measured at several voltages
for R176L currents. The data were fitted with a sum of two exponential functions. The solid curves represent the overall fits, and the
dashed curves represent the individual exponential components. The data are displayed as described in methods. (C) Voltage depen-
dence of the time constants and relative amplitudes for the fast and slow exponential components of the fits to R177Q closed-time distribu-
tions (h). Corresponding data from wild-type KAT1 currents have been superimposed (s). (D) Voltage dependence of the time constants
and relative amplitudes for the fast and slow exponential components of the fits to R176L closed-time distributions (n). Corresponding
data from wild-type KAT1 currents have been superimposed (s).
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burst (q) derived from geometric fits (Eq. 6) to the dis-
tribution of the number of openings per burst is plot-
ted as a function of voltage for R177Q and R176L chan-
nels, with q for wild-type KAT1 channels plotted simul-
taneously as a function of voltage for comparison. For
both mutant channels, the probability of terminating a
burst is significantly smaller compared with wild type.
Because the within-burst closed-time distributions are
unchanged and open-time distributions are only slightly
increased, an observed increased burst duration in
these mutants can therefore be accounted for primarily
by the persistence of these channels in the open and
within-burst closed (bursting) states rather than in-
creased dwell times in either of these states. The de-
crease in burst termination probability in these mu-
tants also accounts in large part for the depolarizing
shift in the G(V) relationship in R177Q and R176L
channels compared with wild-type channels. Further-
more, comparison of measured burst durations and

burst durations calculated from the burst analysis using
Eq. 7 for R177Q and R176L channels demonstrates
close agreement, which confirms that the proposed
bursting model describes the data well (data not
shown), as it did for wild-type data.

Mutations in the S4 Region: Effects on the Kinetic Scheme for 
KAT1 Gating

The rate constants in Scheme VIII are calculated and
plotted as functions of voltage for R177Q and R176L
channels in Figs. 22 and 23, respectively. The corre-
sponding rate constants calculated for wild-type KAT1
have been superimposed for comparison. The two S4
mutations have no effect on the two transitions located
after the open state, k34 and k43. Both mutations in-
creased the rate constant from the interburst state to
the open state, k23, reflecting the overall faster activa-
tion kinetics and shorter sojourns in the interburst

Figure 21. (A and B) Time
constants from single exponen-
tial fits to interburst closed time
distributions for R177Q (h) and
R176L (n) currents are plotted
as functions of voltage (h). Inter-
burst duration distribution time
constants from wild-type KAT1
currents are superimposed (s).
(C and D) The time constants
from single exponential fits to
the within-burst closed time dis-
tributions for R177Q (h) and
R176L (n) currents are plotted
as functions of voltage. Corre-
sponding time constants from
wild-type KAT1 currents are su-
perimposed (s). (E and F) The
probability of terminating a burst
(q) derived from geometric fits to
the distributions of the number
of openings per burst is plotted
as functions of voltage for R177Q
(h) and R176L (n) currents.
Corresponding data for wild-type
KAT1 currents are superimposed
for comparison. A burst criterion
of 20 ms was used in all analysis
in this figure.
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Figure 22. Rate constants for Scheme VIII are plotted as a function of voltage for R177Q currents (h). The rate constants k23, k34, k32,
and k43 were determined by burst analysis as described in the text, while the rate constants k01 and k12 were determined by fits of the model
to the first latency distributions and ensemble averages, given the rate constants determined by burst analysis. The rate constants k10 and k21

were set to zero over the activation voltage range between 2100 and 2180 mV. Several patches are represented by the data points. The rate
constants k10 and k21 were determined by fits of Scheme VIII to deactivation tails measured using the cut-open oocyte clamp technique. Tail
currents were elicited using an activating pulse to 2160 mV. Each rate constant has been fitted to the single exponential function

 represented by the solid lines, where n0 is the rate constant at 0 mV, zn is the equivalent charge, and F, R, and T have their
usual meanings. Corresponding rate constants for wild-type KAT1 currents have been superimposed (s).
kn n0e znFV RT⁄– ,=

Figure 23. Rate constants for Scheme VIII are plotted as a function of voltage for R176L currents (n). The rate constants k23, k34, k32, and
k43 were determined by burst analysis as described in the text, while the rate constants k01 and k12 were determined by fits of the model to
the first latency distributions and ensemble averages, given the rate constants determined by burst analysis. The rate constants k10 and k21

were set to zero over the activation voltage range between 2100 and 2180 mV. Several patches are represented by the data points. The rate
constants k10 and k21 were determined by fits of Scheme VIII to deactivation tails measured using the cut-open oocyte clamp technique. De-
activation tail currents used in these fits were elicited using an activating pulse to 2160 mV. Each rate constant except k12 has been fitted to
the single exponential function  represented by the solid lines, where n0 is the rate constant at 0 mV, zn is the equivalent
charge, and F, R, and T have their usual meanings. The rate constant was fitted to the equation  Corresponding rate con-
stants for wild-type KAT1 currents have been superimposed (s). 

kn n0e znFV RT⁄– ,=
kn a n+ 0e znFV RT⁄– .=
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state in the mutant channels compared with the wild
type. On the other hand, the reverse transition, k32,
from the open state to the interburst closed state, is
slower in the R177Q and R176L mutations, reflecting
these channels’ reluctance to leave the bursting states
at hyperpolarized potentials.

In both S4 mutants, very few blank sweeps were ob-
served at all voltages examined, as the cumulative first
latencies shown earlier demonstrate (Fig. 18). The cu-
mulative first latency distributions reach a steady state
value of one at most voltages examined. Therefore, the
contribution of both right censor error as well as the in-
activated state is reduced in the mutants. In fact, the in-
clusion of the inactivated state was not necessary to ac-
count for the first latency distributions and ensemble
averages for the mutants in order to adequately fit
Scheme VIII to the data.

Individual fits of Scheme VIII to ensemble averages
and first latencies for R177Q and R176L channels were
shown earlier in Figs. 17 and 18. As in wild-type KAT1
channels, the reverse transitions k10 and k21 were set to
zero in deriving these fits. Both R177Q and R176L mu-
tations increase rate constants k01 and k12 compared
with wild-type KAT1, reflecting the faster time courses
of activation and shorter first latency distributions for
both mutant channels. As demonstrated earlier for
wild-type KAT1, a model that incorporates the pro-
posed tetrameric quaternary structure of KAT1 using a
Hodgkin-Huxley assumption of independent and iden-
tical subunits predicts too much sigmoidal delay in the
activation time course.

The reverse transitions k10 and k21 were determined
in the depolarized voltage range more positive than
0 mV by fitting Scheme VIII to deactivation tail cur-

rents obtained from R177Q and R176L channels (data
not shown). In fitting the deactivation tails, the kinetics
were found to be largely determined by the reverse
transition k32 and to a smaller extent by the reverse
transition k21. The earlier transitions (k01, k10, and k12)
contribute little to the tail kinetics, and therefore are
not as well determined in this way. This is because, in
the depolarized voltage range, the forward transitions
k01, k12, and k23 are extraordinarily small, so that once
the channel closes to C2 it is unlikely to reopen. This
feature of the model could be tested by observing the
number of reopening events in single channel deactiva-
tion tails in the depolarized voltage range; however,
these measurements are experimentally difficult given
the small current in that voltage range due to a de-
creased driving force, as well as pore-determined recti-
fication. Note also that values for the rate constant k32

were determined by burst analysis in the hyperpolar-
ized voltage range, extrapolated, and allowed to relax
in fits to the deactivation tail currents.

The deactivation tail currents predicted by the model
are somewhat faster than the observed deactivation tail
currents specifically for R176L. This could be ex-
plained if one or more of the rate constants in the
model do not follow a strictly single exponential volt-
age dependence. These slower tail currents could be
accounted for if (a) the reverse transition k32 were
slower than predicted, or (b) if the forward transition
k34 were faster than predicted by the model. The effect
of both of these alterations in the model is to decrease
the probability of terminating a burst and could be dif-
ferentiated by examining single channel currents using
burst analysis in the extremely depolarized voltage
range. However, again because of the KAT1 channel’s

t a b l e  i i i
Summary of the Fits to the Rate Constants for Scheme VIII for R177Q and R176L Channels

Rate

R177Q R176L Wild type

n0 (s21) zn (e2 charges) n0 (s21) zn (e2 charges) n0 (s21) zn (e2 charges)

k01 21.5 0.42 456 0.034 11.8 0.24

k12 0.274 0.91 (12.0) 0.228 0.87 1.17 0.26

k23 2.51 0.42 4.35 0.38 0.24 0.71

k34 9.55 0.35 8.53 0.39 3.67 0.47

k10 — — — — 139 20.57

k21 18.0 20.55 6.98 20.47 126 20.71

k32 15.7 20.17 15.6 20.18 186 20.40

k43 454 20.062 301 0.00 430 20.056

Amplitude and equivalent charge derived from exponential fits to the rate constants in Scheme VIII for wild-type, R177Q, and R176L channels.
Each rate constant has been fitted with a single exponential function: kn 5 n0e2znFV/RT, where V is voltage and F, R, and T have their usual meanings.
The exponential fit for the rate constant k12 required the introduction of a constant offset factor for a good fit, and was therefore fitted with the equa-
tion: kn 5 a 1 n0e2znFV/RT, where a is the offset factor indicated in the parenthesis. The absolute values of the total charges derived from summing the indi-
vidual rate constants are at least 2.88e for R177Q and 2.32e for R176L. The absolute values of the apparent charges derived from Boltzmann fits, in com-
parison are 1.37e for R177Q and 0.54e for R176L. In general, the rate constants closer to the open state are more important in determining the
quantitative fits to the data, and are therefore better determined than the other rate constants.
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pore-determined inward rectification properties, out-
ward single channel currents in this voltage range
would be difficult to measure.

The voltage dependences of the rate constants from
Scheme VIII in Figs. 22 and 23 have been fitted to sin-
gle exponential functions using Eq. 8. The amplitudes
and equivalent charges derived from these fits are
shown in Table III for each individual rate constant,
with corresponding data for wild-type KAT1 included
for comparison. Note that for the R176L channel, the
voltage dependence of the rate constant k12 requires fit-
ting to a single exponential function that includes a lin-
ear offset. This modification was introduced because, at
less negative potentials, the value of this rate constant
failed to continue to decline in a single exponential
fashion. The existence of a linear offset may imply that
either the rate constant represents an amalgamation of
several transitions, or that the conformational change
represented by this rate constant possesses a voltage-
independent component. A nonexponential voltage
dependence may imply that the dipole associated with
that particular voltage-dependent transition is itself de-
pendent on voltage (Stevens, 1978). Interestingly, this
linear offset was not required for fits to the same rate
constant in R177Q and wild-type channels.

The measured steady state G(V) for R177Q and
R176L currents are well fitted by the model (Fig. 24).
The magnitudes of the total charges derived by adding
all the individual equivalent charges for each rate con-
stant in Scheme VIII are at least 2.88 and 2.32e for
R177Q and R176L, respectively (compared with 3.42e
for the wild-type channel). These values are underesti-
mates, as the first backward rate constant, k10, was not
well determined in the mutants. In contrast, the magni-

tudes of the apparent gating charges derived from fits
of the G(V)s for both mutants to Boltzmann functions
are 1.37e for R177Q and 0.54e for R176L (compared
with 1.36e for the wild type), again highlighting the un-
clear nature of estimating total gating charge from fits
of the data by Boltzmann functions.

Using the rate constants derived in Figs. 22 and 23,
the free energy differences between each of the individ-
ual contiguous states in Scheme VIII can be calculated
with the following equation:

(9)

where R is the universal gas constant, T is absolute tem-
perature, kf is the rate constant of the forward transi-
tion, and kr is the rate constant of the reverse transi-
tion. The free energy difference reflects the relative
stability of each channel conformation represented in
the model. Furthermore, the activation energy re-
flected by the transition rate constants away from each
conformational state of the channel can be estimated
by the following equation:

(10)

where k is the transition rate and y is the product of the
transmission coefficient and the molecular vibration
frequency and is assumed to have a value of 1012 s21.
The estimated energy barriers all lie within the range
between 12 and 18 kcal ? mol21, well above the thermal
energy (0.6 kcal ? mol21). The molecular vibration fre-
quency can be as low as 109 s21. If this lower vibration
frequency is used, the activation energies will be de-
creased in magnitude by z78%. However, the overall
observed trends will not be altered.

The value for the rate constant k10, and hence activa-
tion energy from state C1 to state C0, was not well deter-
mined by the data for R177Q and R176L channels.
Therefore, the relative energy difference between
states C0 and C1 can only be estimated. From calcula-
tions of all activation energies and relative energies be-
tween states in the model for mutant and wild-type
KAT1 channels over the voltage range examined, sev-
eral observations can be made. Activation energies and
conformational state energies after the open state are
not altered by the S4 mutations, while all transitions
and state energies before the open state are altered.
The S4 mutations increase the relative energies of the
closed states before first opening, with the changes in-
troduced by R176L greater than those of R177Q. The
effects of the R177Q and R176L mutations on the con-
formational states and transitions in Scheme VIII sum-
marized in this way indicate that only the transitions
and states before the open state are significantly al-
tered. This result suggests that the transitions between
conformational states before the open state involve the
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Figure 24. (A) Fits of Scheme
VIII to the single channel g(V)
relationship for R177Q currents.
h represent measured steady
state open probabilities, while j
represent fits from the model.
The fits derived from the model
were determined by measuring
steady-state open probabilities
from calculated open probabil-
ity waveforms over the voltage
range shown. (B) Fits of Scheme
VIII to the single channel G(V)
relationship for R176L currents.
n represent measured steady
state open probabilities, while m
represent fits from the model.
The open probabilities derived
from the model were deter-
mined by measuring steady state
open probabilities from calcu-
lated open probability waveforms
over the voltage range shown.
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S4 region, while transitions after the open state most
likely do not. This is consistent with results seen with
mutations in the S4 region of other voltage-gated chan-
nels, suggesting a common structural mechanism in
voltage-dependent gating, despite the fact that KAT1 is
an inward rectifier, while the other channels studied
are outward rectifiers.

d i s c u s s i o n

Several conclusions can be made about the KAT1 chan-
nel that are independent of the specific assumptions
and models used in this article. (a) The single channel
conductance in symmetrical K1 solutions is z7.5 pS,
and the open channel permeation properties demon-
strate inward rectification only at positive voltages in
symmetrical K1 solutions, accounting for only a small
part of the channel’s inward rectification properties.
This is in contrast with the small inward rectifiers, in
which inward rectification results from pore block by
Mg21 and polyamines (Kubo et al., 1993a,b; Ficker et al.,
1994; Lopatin et al., 1994; Nichols et al., 1994; Fakler
et al., 1995). (b) The activation time course is slow and
voltage dependent, on the order of several hundred
milliseconds. Moreover, deactivation is relatively fast
and becomes faster with more positive voltages, with a
time scale on the order of tens of milliseconds. (c)
Transitions before first opening account for a large
portion of the voltage dependence of KAT1 activation,
as seen in Shaker-family channels (Zagotta and Aldrich,
1990; Hoshi et al., 1994; Zagotta et al., 1994a,b;
Schoppa and Sigworth, 1998a,c). (d) Multiple closed
states are traversed from the resting to the open chan-
nel via voltage-dependent transitions, as demonstrated
in Shaker-family channels (Zagotta and Aldrich, 1990;
Hoshi et al., 1994). (e) There is only one kinetically dis-
cernible open state in KAT1 gating with exit rates that
are only slightly voltage dependent. (f) The KAT1
channel displays no appreciable time-dependent inacti-
vation process. However, the existence of blank sweeps
not accounted for by the right censor time necessitates
the inclusion of an inactivated state accessible from
early closed states. This inactivated state is more pro-
nounced at depolarized potentials. (g) The transition
to closed states after first opening are only slightly volt-
age dependent. In Shaker-family channels, a similar rel-
atively short lived, as well as an intermediate lived, volt-
age-independent closed state located after the open
state has been described (Hoshi et al., 1994). (h) The
general gating characteristics of cloned KAT1 channels
are similar to channels recorded from native tissue
(Schroeder and Fang, 1991; Sussman et al., 1994).

Several kinetic models were considered to account
for the gating behavior of KAT1 channels. Among the
two possible bursting schemes, the COC configuration

was considered to be the superior scheme to account
for the bursting behavior of KAT1 in the context of the
overall voltage dependence of KAT1 channel activa-
tion. The single channel and macroscopic data are best
described by Scheme VIII. The overall voltage depen-
dence of KAT1 gating is distributed approximately
equally over the transitions before the open state,
rather than being isolated to a single transition or a
subset of transitions, similar to kinetic schemes de-
scribed for Shaker-family channels (Zagotta et al., 1994b;
Schoppa and Sigworth, 1998c).

There are several limitations to the final proposed ki-
netic model for KAT1 depicted in Scheme VIII. (a)
The slow creep seen in some of the first latency distri-
butions suggests that there may be a closed state that
branches from one of the closed states along the inacti-
vation pathway. (b) The occasional observation of cur-
rent rundown has not been incorporated into the
model. However, rundown occurred infrequently, so
that it was reasonable to not incorporate it into the fi-
nal kinetic scheme. (c) Not all rate constants in the
model are equally well determined. For Scheme VIII,
the rate constants k23, k34, k32, and k43 are well deter-
mined by the burst analysis, with k34, k32, and k43 overde-
termined by multiple bursting parameters. k01 and k12

were determined by first latency and ensemble average
data. k10 and k21 were assumed to be zero at hyperpolar-
ized potentials and were determined by fits of the
model to macroscopic tail currents at depolarized po-
tentials. Therefore, the values of these reverse transi-
tions are not as well determined as the values of the
other transitions in the model. (d) It has been assumed
in many kinetic models of voltage-dependent gating of
various channels that the voltage dependence of transi-
tions between kinetically distinguishable states is expo-
nentially determined. However, it has been suggested
that voltage-dependent transitions do not necessarily
behave in this fashion (Stevens, 1978). The kinetic
model used to describe KAT1 produces rate constants
that display single exponential voltage dependence.
This result implies that perhaps the rate constants
described by the model represent individual voltage-
dependent conformational changes, rather than a com-
posite of a series of conformational changes. (e) The
voltage range for single channel current recordings was
limited by experimental conditions. Voltages more neg-
ative than 2190 mV were not examined because the
long pulse durations at extremely negative voltages
were not well tolerated by membrane patches. Given
the symmetrical K1 solutions, voltages more positive
than approximately 2100 to 280 mV resulted in cur-
rents that were too small to resolve, given the low open
probability and small unitary conductance of KAT1 at
depolarized voltages.

In wild-type KAT1 and in both S4 mutants, the total
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gating charge derived by adding the individual gating
charges associated with each rate constant in the model
was substantially larger than the apparent charge ob-
tained from fitting the G(V) relationships to Boltz-
mann functions. This discrepancy highlights the cau-
tion warranted in interpreting parameters obtained
from Boltzmann fits. The gating model developed for
KAT1 is significantly different from the simple two-state
(open and closed) model assumed when applying a
Boltzmann fit to the G(V) relationship. A discrepancy
between total charge measured by various means and
apparent charge derived from fits to Boltzmann func-
tions has been demonstrated previously in Shaker-family
channels (Zagotta et al., 1994b; Schoppa and Sigworth,
1998c).

The kinetic model described in Scheme VIII implies
the existence of at least three individual transitions be-
fore first opening that appear to require concerted
movements of the presumed KAT1 tetramer, and there
is no evidence for fourfold symmetry in the gating tran-
sitions, as seen in Shaker-like channels (Zagotta and Al-
drich, 1990; Hoshi et al., 1994; Zagotta et al., 1994a,b;
Schoppa and Sigworth, 1998a,b,c). This result is not
necessarily counter to the proposed fourfold symmetry
of the KAT1 structure. There is evidence of concerted
gating processes in other channels that possess multi-
ple-subunit structural symmetry. Shaker channels ap-
pear to undergo one or more concerted transitions
during the last step in activation before channel open-
ing (Hoshi et al., 1994; Zagotta et al., 1994a,b; Schoppa
and Sigworth, 1998a,b,c; Smith-Maxwell et al., 1998).
Shaker channels undergo at least two types of inactiva-
tion processes, N-type (Hoshi et al., 1990; Zagotta et al.,
1990) and C-type (Hoshi et al., 1991) inactivation, that
do not involve obligate independent and identical sub-
unit transitions. In the small inward rectifiers, single
channel data imply that in addition to the independent
transitions that gate the individual subunits of the tri-
ple-barrel structure, a concerted transition also occurs
to gate the entire triple barrel channel (Matsuda,
1991). Alternatively, Scheme VIII may represent a
model that incorporates fourfold structural symmetry if
the early transitions involving conformational changes
in the individual subunits are not observable because
the overall equilibrium favors partially activated states.
Then, the states and transitions represented by Scheme
VIII would be equivalent to the final concerted transi-
tion(s) described for Shaker channels (Zagotta et al.,
1994b; Schoppa and Sigworth, 1998c).

The effects of two mutations in the S4 region of the
KAT1 channel, R177Q and R176L, on single channel
gating properties were examined. These mutations change
charged arginine (R) residues to either a glutamine (Q)
or a leucine (L). Several conclusions about the effects
of these mutations on the gating properties of KAT1

can be made that are independent of any kinetic model
proposed. (a) These mutations have minimal effects on
the open channel conductance, consistent with the
presumption that the S4 region does not contribute to
the pore-forming regions of the KAT1 channel. (b)
Both S4 mutations shifted the steady state open proba-
bility voltage dependence relationships in the positive
direction, with the R176L mutation resulting in a
greater depolarizing shift. The R176L mutation de-
creased the apparent charge derived from a Boltzmann
fit to the steady state G(V) relationship, while the
R177Q mutation did not alter the apparent charge. (c)
In both mutations, the first latency distributions and
the kinetics of the ensemble averages were faster than
that in wild type for a given voltage. (d) The mutations
did not alter closed times within bursts, while inter-
burst durations are shorter in the two S4 mutants com-
pared with wild-type KAT1. (e) The probability of ter-
minating a burst (q) is smaller in the S4 mutants com-
pared with wild-type KAT1, and q becomes smaller with
increasing hyperpolarization over the voltage range ex-
amined. (f) There are significantly fewer blank sweeps
in both S4 mutants compared with wild-type KAT1.

The minimal kinetic scheme presented can ade-
quately describe the voltage-dependent gating behavior
of the R177Q and R176L mutant channels by merely al-
tering the values of the individual rate constants with-
out changing the overall connectivity between confor-
mational states in the model. Burst analysis revealed
that transitions into and away from the within-burst
closed state are brief and unaffected by the S4 muta-
tions, while the transitions into and away from the in-
terburst closed state are altered by the S4 mutations.
The transition from the interburst closed state to the
open state is faster at all voltages examined, while the
reverse transition from the open state to the interburst
closed state is slower at all voltages examined in the two
mutants compared with wild-type KAT1. Overall, the S4
mutations increased all forward transition rates along
the activation pathway while decreasing all backward
transition rates before the open state. Moreover, the to-
tal charge derived from summation of the individual
charges for rate constants in the model were altered
modestly by the two S4 mutants, even R176L, in con-
trast to the large change in apparent charge derived
from Boltzmann fits.

These results suggest several implications about the
structural determinants of KAT1 voltage-dependent
gating. The S4 mutations destabilize all closed states be-
fore the open state, favoring rightward-located states in
the model. In Shaker-family channels, most mutations
introduced in the S4 region also result in rightward
shifts in the G(V) relationships, even though rightward
G(V) shifts in Shaker favor closed states over open,
while in KAT1 open states are favored over closed. This
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suggests that the equilibrium between possible physical
conformations of the S4 region is affected in the same
way by S4 mutations in both classes of channels. Per-
haps then the fundamental response of the S4 region
to voltage is similar in KAT1 and Shaker-family chan-
nels, but the coupling of S4 movement to channel
opening has opposite polarity in these two channel pro-
teins. For instance, the S6 region of the pore structure
appears to act as a gate (Liu et al., 1997) that may be
coupled to the S4 region with opposite polarity in
KAT1 and Shaker-family channels.

Furthermore, these results suggest that the transi-
tions located along the activation pathway are likely to
involve conformational changes in the S4 region of
KAT1, a conclusion also drawn for Shaker-family chan-
nels (Timpe et al., 1988; Stühmer et al., 1989; Liman
et al., 1991; Papazian et al., 1991; Logothetis et al.,
1992; Schoppa et al., 1992; Tytgat and Hess, 1992;
Logothetis et al., 1993; Shao and Papazian, 1993). As
the S4 mutations have no effect on transitions after the
open state, it is reasonable to conclude that the transi-
tions between the open and within-burst closed states
probably do not involve conformational changes in the
S4 region. Perhaps the S4 region in KAT1 is involved in
the voltage-dependent activation process up to channel
opening, while transitions after the open state involve a
different structural mechanism. This alternative mech-
anism, which results in the observed bursting phenom-
enon in KAT1, might result from brief closures involv-
ing the pore forming regions of the channel, or per-
haps a fast blocking process.

The KAT1 channel straddles the division between
outward rectifiers such as the Shaker-family channels
and the small inward rectifiers such as IRK, GIRK, and
ROMK. The KAT1 channel structurally resembles other
Shaker-family channels, yet it behaves as an inward recti-
fier. The herg channel is also structurally similar to
Shaker-family channels, and it also demonstrates inward
rectification properties under specific conditions. How-
ever, the herg channel also has properties of outward
rectification under physiological conditions (Curran et
al., 1995; Trudeau et al., 1995). Mutagenesis analysis in
herg suggests that a C-type inactivation process may
play a role in the inward rectification seen in herg, as
mutations in the pore region and external K1 affect

herg currents (Schonherr and Heinemann, 1996; Smith
et al., 1996). Moreover, mutagenesis in the Shaker chan-
nel has demonstrated that inwardly rectifying channels
can be created from outwardly rectifying Shaker-like
channels by altering the voltage-dependent kinetic
properties of NH2-terminal inactivation (Miller and Al-
drich, 1996). The gating mechanism of KAT1 therefore
appears to be dissimilar to that of herg, as the analysis
in this article, taken together with other work (Hoshi,
1995; Marten and Hoshi, 1997), demonstrates that the
KAT1 channel does not use an inactivation recovery
mechanism in gating.

BCNG, a channel responsible for pacemaker activity
in brain and possibly the heart is similar to KAT1 in
that it possesses six transmembrane regions, a P region,
and an S4 region (Santoro et al., 1998). The gating
properties of BCNG are remarkably similar to that of
KAT1, including inward rectification, slow, sigmoidal
activation, an extremely negative range of activation
(more negative than 280mV), and relatively fast deacti-
vation tail currents that demonstrate a rising phase.
Given the striking similarities in gating kinetics, per-
haps KAT1 and BCNG share a similar gating mecha-
nism that involves the S4 region rather than recovery
from inactivation. This possibility can be evaluated in
the BCNG channel through mutagenesis at residues in
the NH2 and COOH termini that are possibly involved
in inactivation, and at residues in the S4 region as ex-
amined in this article for KAT1.

The data presented in this article suggest that a novel
gating mechanism unlike that seen in other inward rec-
tifiers results in the inward rectification properties of
KAT1. The presence of an S4 region that contains
charged residues at every third position suggests that,
as in other voltage-gated channels, KAT1 gating may in-
volve the S4 segment. This hypothesis implies that the
inward rectifying phenotype of KAT1 results from the
channel’s intrinsic ability to sense changes in the mem-
brane electric field. However, instead of opening with
depolarization, KAT1 channels open with hyperpolar-
ization. The single channel KAT1 currents examined in
this article have provided some insight into the gating
mechanisms of wild-type and mutant KAT1 channels
that should serve as a useful basis for work on the gat-
ing mechanism of this interesting channel.
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