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ABSTRACT KATP channels assemble from four regulatory SUR1 and four pore-forming Kir6.2 subunits. At the single-channel
current level, ATP-dependent gating transitions between the active burst and the inactive interburst conformations underlie
inhibition of the KATP channel by intracellular ATP. Previously, we identified a slow gating mutation, T171A in the Kir6.2 subunit,
which dramatically reduces rates of burst to interburst transitions in Kir6.2DC26 channels without SUR1 in the absence of ATP.
Here, we constructed all possible mutations at position 171 in Kir6.2DC26 channels without SUR1. Only four substitutions,
171A, 171F, 171H, and 171S, gave rise to functional channels, each increasing Ki,ATP for ATP inhibition by [55-fold and
slowing gating to the interburst by [35-fold. Moreover, we investigated the role of individual Kir6.2 subunits in the gating by
comparing burst to interburst transition rates of channels constructed from different combinations of slow 171A and fast T171
‘‘wild-type’’ subunits. The relationship between gating transition rate and number of slow subunits is exponential, which
excludes independent gating models where any one subunit is sufficient for inhibition gating. Rather, our results support
mechanisms where four ATP sites independently can control a single gate formed by the concerted action of all four Kir6.2
subunit inner helices of the KATP channel.

INTRODUCTION

The KATP channel mechanism by which ATP site occupancy

couples to inhibition gate closure is at the heart of the sig-

nal transduction coordinating cell physiology throughout

our bodies (Aguilar-Bryan et al., 2001; Ashcroft, 1988).

Elevated energy metabolism, signaled by an increase in the

ATP/ADP ratio, inhibits channel activity, which triggers cell

electrical excitability typically leading to Ca21 influx. In the

b-cell of the endocrine pancreas, this signaling stimulates

insulin secretion in response to high blood glucose levels. In

other cells of the body, the KATP channel plays similar roles

governing Ca21 influx. In heart and smooth muscle, the

signal flow helps regulate contraction and relaxation

(Alekseev et al., 1998; Deutsch et al., 1994; Fan and

Makielski, 1999; Noma, 1983; Terzic et al., 1994). In the

nervous system, the signaling regulates neurotransmitter

secretion (Amoroso et al., 1990; Ashcroft, 1988; Lee et al.,

1996; Miki et al., 2001; Schmid-Antomarchi et al., 1990), as

it does in the pancreas. Knowledge of inhibition gating of the

KATP channel by ATP is therefore critical to our un-

derstanding of the signaling mechanisms coupling energy

metabolism and cell excitability that regulate muscle con-

traction and vesicle exocytosis.

Understanding how the KATP channel transduces changes

in the ATP signal of energy metabolism into changes in

membrane excitability has been greatly advanced over the

last two decades. Noma (1983) first demonstrated KATP

channel activity and revealed its burst gating behavior where

rapid interconversions between an open and closed state are

interrupted by long-lived closed states. Indeed, KATP channel

activity occurs in bursts of brief openings that alternate with

briefer closings, and these active burst episodes are separated

by long-lived inactive interburst intervals (Alekseev et al.,

1998; Ashcroft et al., 1984; Babenko et al., 1999a; Cook and

Hales, 1984; Drain et al., 1998; Gillis et al., 1989; Nichols

et al., 1991; Qin et al., 1989; Trapp et al., 1998). In the con-

text of ATP inhibition gating, the KATP channel has two

major gating conformations, an active burst state (open to

potassium ion flow) and an inactive interburst state (closed to

potassium ion flow) controlled by the movements of a gate

closely associated with the transmembrane pore. The briefer

closings within the active burst state are likely due to an

additional independent gate involving the filter within the

extracellular half of the transmembrane pore, which is un-

affected by intracellularATP (Fan andMakielski, 1999; Proks

et al., 2001). The transition from the active burst to the

inactive interburst state occurs at a relatively slow rate in the

absence of ligand (ligand-independent gating) or at a greatly

accelerated rate in the presence of intracellular ATP (ATP-

dependent gating; Alekseev et al., 1998; Babenko et al.,

1999a; Drain et al., 1998; Li et al., 2000, 2002; Nichols

et al., 1991; Qin et al., 1989; Trapp et al., 1998; Tucker

et al., 1998). When ATP binds to an active channel, it can

cause inhibition gate closure. ATP also binds to the inactive

interburst state. When ATP binds to the inactive interburst

state, boundATP further stabilizes the already shut gate of the

interburst state, prolonging its life. Although ligand-in-

dependent and ATP-dependent gating to the interburst state

differ in rate and by the presence of bound ATP, the

two processes likely share the same mechanisms of pore

occlusion (Drain et al., 1998; Li et al., 2000, 2002; Trapp et al.,

1998; Tucker et al., 1998).
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At the molecular level, the KATP channel is assembled

from four regulatory SURx subunits and four pore-forming

Kir6.x subunits (Aguilar-Bryan et al., 1995; Clement et al.,

1997; Inagaki et al., 1995, 1997; Shyng and Nichols, 1997).

The SURx subunits mediate regulation of KATP channel

activity by inhibitory sulfonylurea, and stimulatory ADP and

potassium channel opener ligands (Babenko et al., 1999b,c,

2000; Gribble et al., 1997; Nichols et al., 1996; Shyng et al.,

1997b), whereas the Kir6.x subunits mediate inhibition

gating by inhibitory ATP (Drain et al., 1998; John et al.,

1998; Tucker et al., 1997, 1998). The ATP inhibition gating

can be dissected into component gating and ATP binding

mechanisms. The ATP binding mechanism is mainly

determined by residues of both the proximal and distal

cytoplasmic C-terminus of Kir6.2, with residues of the

cytoplasmic N-terminus also involved (Tucker et al., 1997,

1998; Drain et al., 1998; Takano et al., 1998; Trapp et al.,

1998; Koster et al., 1999; Babenko et al., 1999c; Proks et al.,

1999; Reimann et al., 1999; Tanabe et al., 1999, 2000; Li

et al., 2000; MacGregor et al., 2002; Vanoye et al., 2002).

Not only do the cytoplasmic N- and C-termini of Kir6.2 each

function in the inhibition gating by ATP, but the termini

might directly interact during the gating transitions (Jones

et al., 2001; Tucker and Ashcroft, 1999). Importantly,

molecular approaches using the candidate site mutation

G334D (Drain et al., 1998) have provided evidence that four

identical noncooperative ATP binding sites, one per Kir6.2

subunit, operate during KATP channel inhibition by ATP

(Drain et al., 1998; Li et al., 1999; Markworth et al., 2000).

There is no study, however, on the number of inhibition

gates and their relationship to the four Kir6.2 subunits.

To better understand the ATP-dependent inhibition gating

mechanism, it is fundamental to know not only the number

of ATP sites but also the number of inhibition gates at work

in the channel protein. Here, we investigated the inhibition

gate mechanism of the transmembrane pore, the number of

inhibition gates in a single KATP channel, and whether Kir6.2

subunits work independently or cooperatively in the gat-

ing. We used a previously characterized mutation, T171A,

located at the cytoplasmic mouth of the transmembrane pore,

expressed in truncated Kir6.2DC26 channels without SUR1

(Drain et al., 1998). Unlike the full-length wild-type Kir6.2,

the truncated Kir6.2DC26 efficiently expresses channels at

the plasma membrane in the absence of SUR1 (Tucker et al.,

1997; Zerangue et al., 1999; Ma et al., 2001; Sharma et al.,

1999). The truncated channels exhibit 10-fold less ATP

sensitivity (Tucker et al., 1997); however, the burst-

interburst gating kinetics remain sensitive to ATP, similar

to wild-type channels with SUR1. Importantly, the burst con-

formation is destabilized, and the interburst conforma-

tions stabilized by ATP bound to Kir6.2DC26 channels

without SUR1 (Drain et al., 1998; Li et al., 2002). A prelim-

inary account of these findings was reported (Li et al., 2003).

MATERIALS AND METHODS

Mutagenesis

The truncated Kir6.2DC26 channel of Tucker et al. (1997) was used as the

wild-type or parent channel. The substitutions at position 171 in Kir6.2DC26

background were constructed by a saturation mutagenesis technique

(Reidharr-Olson et al., 1991), using polymerase chain reaction (PCR)

overlap extension and silent sites, as described previously (Li et al., 2000).

The N160D (Shyng and Nichols, 1997) and N160D/T171A double mutants

were obtained by using the QuickChange Site-Directed Mutagenesis Kit

(Stratagene, La Jolla, CA). All the mutants were confirmed by DNA

sequencing.

Oocyte expression and electrophysiology

Preparation and injection of Xenopus oocytes, patch pipette fabrication,

solutions, and inside-out patch excised recording techniques were as

described (Drain et al., 1994, 1998). Briefly, Ki,ATP for ATP inhibition of

171 mutant channels was obtained using different ATP concentrations

applied to the patches by constant perfusion of the cytoplasmic face of

patches using a Biologic RSC-160 nine-sewer pipe syringe-pressurized

system (Molecular Kinetics, Pullman, WA). Recordings were always begun

within 1 min after excision with the patch pipette partially inserted into one

of the sewer pipes. ATP was added as the magnesium salt to minimize

rundown (Trube and Hescheler, 1984), and no other ligands were added until

after the ATP dose response data were obtained (Drain et al., 1998; Li et al.,

2000). Experiments showing rundown, characterized by a sudden significant

decrease in PO were discarded. Patch-clamp currents were amplified with

Axopatch 200A (Axon Instruments, Foster City, CA) or EPC-9 (HEKA

Elektronik, Lambrecht/Pfalz, Germany) instruments, low-pass filtered with

an eight-pole Bessel filter (Frequency Devices, Haverhill, MA) at a corner

frequency of 2 or 4 kHz, and sampled at 20 kHz using HEKA PULSE v.8.0

(HEKA Elektronik). For the stoichiometry experiments, single-channel

currents were recorded with the inside-out patch configuration with the

following pipette and bath solutions (Guo et al., 2003), unless indicated

otherwise: 100 mMKCl, 5 mMK2EDTA, and 10 mMK2HPO4/KH2PO4 (in

a ratio maintaining pH 7.6). The wild-type/mutant subunit stoichiometry was

determined by sensitivity to block by 100 mM spermine at180 mV (Sigma,

St. Louis, MO; Shyng et al., 1997a; Markworth et al., 2000). We first

recorded the single-channel currents without spermine at �80 mV to obtain

burst times. On the same channel we then bath-applied 100 mM spermine. In

each condition, we recorded several cycles of the single-channel currents at

�80 mV where there was little or no block and stationarity of channel

activity was checked, followed by 180 mV where there was significant

blocking of outward currents by spermine if present. The PO in the presence

and in the absence of spermine at 180 mV was determined by dividing the

open current level area by the total area of the single-channel current

amplitude histograms. Fractional spermine sensitivity was given by the PO at

180 mV in the presence of spermine normalized to the PO at180 mV in the

absence of spermine.

Data analysis

Analysis and display were done using TAC v.4.0 (Bruxton, Seattle, WA),

IGOR Pro v.4.0.8 (WaveMetrics, Lake Oswego, OR), and Illustrator v.9.0

(Adobe Systems, San Jose, CA). Dose-response measurements were fit to

the Hill equation, I/Imax ¼ 1/(1 1 ([ATP]/Ki,ATP)
aH), where [ATP] is the

concentration of ATP, I/Imax the fractional current at the indicated [ATP]

relative to that in the same solution in the absence of added ATP (Imax was

defined as the average of measurements taken before and after current

measurements in the presence of [ATP]), Ki,ATP the [ATP] at which

inhibition is half-maximal, and aH the slope factor, or Hill coefficient, as

before (Drain et al., 1998). We found aH ¼ 1.0 6 0.2 for the wild-type

2102 Drain et al.

Biophysical Journal 86(4) 2101–2112



channel and all 171 mutant channels. Single-channel current events were

detected using the time of the half-amplitude of transitions between current

levels with TAC v.4.0 (Bruxton). Durations were corrected for missed

events during construction of duration histograms based on the filter corner

frequency of the recording by the method of Colquhoun and Sigworth

(1995). Duration analysis was done with TACfit v.4.0 (Bruxton), which uses

the transformations of Sigworth and Sine (1987) to construct and fit duration

histograms. For the burst duration analysis, a burst criterion of 1.6 ms (four

times the intraburst closed time mean) was used. Student’s t-test showed for

each of the four mutant channels, 171S, 171A, 171F, and 171H, that the

Ki,ATP, PO, and mean burst times values were significantly different from the

respective values of the parent wild-type Kir6.2DC26/T171 channels (P\
0.001). Stoichiometry of single channels arising from coinjection of cRNAs

(1:1 fast wild-type T171/slow mutant 171A) was also classified solely by

their mean burst times using k-means clustering statistics (Hartigan and

Wong, 1979), which showed the same five stoichiometry classes determined

by spermine sensitivities. Box plots (Tukey, 1977) were constructed using

IGOR Pro v4.0.8.

RESULTS

The threonine at 171 of Kir6.2 is positioned at the

cytoplasmic end of the inner helix or M2 transmembrane

segment, just below the so-called bundle crossing, based on

primary protein sequence homology to bacterial K channels

whose structures have been highly resolved (Doyle et al.,

1998; Yellen, 2002). The homology places the T171 of

Kir6.2 at the cytoplasmic end of the transmembrane pore.

Experimental (Loussouarn et al., 2000, 2001) and model-

ing (Capener et al., 2000) results on the structure of the

KATP channels are consistent with this view. Previously,

we extensively characterized the gating kinetics of the

Kir6.2DC26 background without SUR1 and the 171A point

mutation in that background, to show that the 171 region of

Kir6.2 plays an important role in both ATP-dependent and

ligand-independent gating of the KATP channel (Drain et al.,

1998; Li et al., 2000). Others had shown similar results

(Tucker et al., 1998). Although limited to only one substi-

tution, the functional results, together with the structural

considerations, suggest that the 171 region of Kir6.2 plays

a direct role in gate closure of the KATP channel, distinct

from the ATP binding step that couples to the gating step.

Here, we expand the characterization of T171 in the gating

mechanism.

T171 is indispensable for wild-type KATP

channel gating

The mutation 171A acts in large part by dramatically slowing

the rate at which the ATP-dependent inhibition gate closes

(Fig. 1). The gating step defects are easily observed in the

Kir6.2D26 background without SUR1 and ATP, so we

used these conditions. Throughout this study, we refer to

Kir6.2DC26 channels expressed without SUR1 as wild type.

Even in the absence of ATP, Kir6.2D26 without SUR1 forms

channels that exhibit low PO (\0.1) and short mean burst

time (\2 ms), which result from fast gate movements as the

channel transits from the burst to interburst gating con-

formations. Substitution of T171A in the Kir6.2D26 channel

without SUR1 results in dramatically higher PO ([0.6) and

long mean burst times ($60 ms) in the absence of ATP. Of

all 19 substitutions constructed at 171, only four gave rise

to functional channels. The single-channel current records

clearly show that all four substitutions, 171S, 171A, 171F,

and 171H, dramatically slow gating from the burst to in-

terburst gating conformations, compared to their wild-type

parent. The substitutions increased PO in the absence of ATP

by 11.5–12.7-fold and the Ki,ATP for inhibition by 55–72-

fold. The results indicate that threonine at position 171 is

indispensable for wild-type gating of the channel.

All substitutions at 171 dramatically slow gating
to the interburst

So far the results indicate that each of the four functional

substitutions at position 171 slow the gating from the burst

to the interburst state, speed the gating from the interburst to

the burst, or both. To distinguish and further quantify the

changes in gating for each of the four substitutions, we fit the

measured burst and interburst times to exponential functions.

We found that the burst times increased from 2.1 to 76.9 ms

or more by each of the substitutions, compared to wild type

(Fig. 2). The results indicate a [35-fold slowing in the

gating of the channel from the burst to the interburst and

explain at least in part the increase in the Ki,ATP by the

FIGURE 1 Substitutions at T171 dramatically slow gating from the active

burst to the inactive interburst in truncated Kir6.2 channels without SUR1.

Of all possible substitutions constructed only four, S, A, F, and H, allowed

detectable channel expression. Each of these substitutions substantially

increased Ki,ATP by 55-fold or more and importantly increased PO by 11-fold

or more. Representative single-channel records are shown with the single-

letter abbreviation for the amino acid residue at position 171 of Kir6.2

indicated. The top trace is from a channel with the wild-type T at position

171. These control channels had a relatively low Ki for ATP inhibition of 0.1

mM and a low PO in the absence of ATP of 0.06. For both Ki,ATP and PO

values of each channel, n $ 5, with mutant values significantly different

from wild-type values, P\ 0.001.
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substitutions, consistent with no replacement, not even

serine, substituting well for threonine. From the burst times

alone, however, we cannot know whether the substitutions

only act by slowing the burst to interburst gating transition or

whether the interburst to burst gating transition is speeded

as well. The latter would indicate that the mutations also

destabilize the otherwise long-lived interburst closed con-

formation of the cytoplasmic gate of the KATP channel. We

therefore tested for additional effects on interburst times.

All substitutions at 171 nearly eliminate
interburst events

Fig. 3 shows that each of the 171 substitutions nearly if not

completely eliminate the interburst times that are normally

prominent in the wild-type Kir6.2DC26 channel. In the

single-channel current records, the 171 mutant channels

appear to burst all but continuously. The kinetic analysis

shows significant numbers of only the short-lived intraburst

closed durations and indicate either nearly complete loss of

transitions to the wild-type inactive interburst conformation

or destabilization of the conformation to the point that they

are indistinguishable from the very short-lived intraburst

closed conformation. The results show that although all four

substitutions at position 171 dramatically slow burst to in-

terburst gating compared to the wild-type threonine residue

at the position, the substitutions have no effect on intraburst

kinetics determined by the selectivity filter gate.

Gate stoichiometry of the KATP channel

We also used gating kinetic analysis to investigate how many

cytoplasmic gates function in the KATP channel and the

relationship between the gate and the four Kir6.2 subunits. It

is possible that each subunit undergoes a conformational

change that is sufficient to cause the gating to occur. In this

independent model with four gates, the gating rate constant

will be the sum of the individual rate constants contributed

by each of the four subunits. Alternatively, all four Kir6.2

subunits might undergo concerted conformational changes.

In the concerted model, the gating rate constant will be

exponentially related to the sum of the energetic contri-

butions of each of the four subunits. To distinguish these

possibilities, we studied how the rate of burst to interburst

gating changes with increasing number of slow subunits in

the channel. For these experiments we used the 171A mutant

as a slow subunit and T171 wild type as a fast subunit. To

independently know the number of slow and fast subunits in

a given channel, we first marked 171A mutant subunits with

the N160D mutation. Previous work demonstrated that

the 160D mutation is nearly without effect on the Ki,ATP,

increasing it by only threefold, yet the mutation dramatically

increases block by intracellular spermine (Shyng et al.,

1997a). To further show that 160D had relatively little effect

on the gating, we also determined its effect on PO and burst

FIGURE 2 Burst times are substantially increased by all 171 substitutions

that express. The dramatic disruption of gating suggests that T171 is

required for wild-type gate closure and that no other amino acid residue at

the position substitutes well for threonine. The dashed line indicates the

value of the wild-type mean burst time in each of the duration histograms.

For mean burst time values of each channel, n $ 4, with mutant values

significantly different from wild-type values, P\ 0.001.
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times of KirDC26 channels. For example, Fig. 4 shows that

N160D in the Kir6.2DC26 background slowed gating to the

interburst by only 2.7-fold, compared to the [35-fold

slowing observed for the 171 substitutions. Accordingly, the

171A/160D double mutant channels show the dramatically

extended burst times typical of the 171A mutation alone.

The 100-mM spermine bath applied to inside-out excised

patches at180 mV was optimal to classify the channels into

the five slow/fast subunit stoichiometry classes. Fig. 5 shows

the single-channel records and current amplitude histograms

of single channels with the indicated ratios of wild-type and

160D/171A mutant subunits. In these experiments, we first

recorded the single-channel currents without spermine at

�80 mV to obtain burst times. To the same channel we then

bath applied 100-mM spermine and recorded several cycles

of single-channel currents at �80 mV where there was little

blocking by spermine, followed by180 mVwhere there was

significant blocking of outward currents. The PO in the

presence and in the absence of spermine at 180 mV was

determined by dividing the open current level area by the

total area of the single-channel current amplitude histograms.

Fractional spermine sensitivity was given by the PO in the

presence of spermine normalized to the PO in the absence of

PO. The spermine sensitivities, observed as the normalized

PO in the presence of spermine, binned into five classes. One

class was completely refractory to 100-mM spermine, which

was also true for homotetrameric wild-type Kir6.2DC26/
T171 channels. Three classes of single channels were found

with increasing partial sensitivity to spermine, and represent

3:1, 2:2, 1:3 wild-type/mutant heterotetrameric channels,

respectively. The fifth class was completely blocked by the

spermine, which was also true for homotetrameric mutant

Kir6.2DC26/171A channels. The frequency of channels in

each of the five classes was predictable from binomial

distributions given equal and independent expression and

assembly of two types of subunit into tetramer channels.

Because the 160D and 171A mutations simply by construc-

tion are in the same subunit, the spermine sensitivity indi-

cates 171A subunit stoichiometry, as well as 160D subunit

stoichiometry.

Exponential relationship between gating rate
and the number of 171A subunits

For the main stoichiometry experiments, we varied the slow

and fast subunit ratios by coinjecting cRNA in a 1:1 ratio

into Xenopus oocytes. For each single channel, we first

characterized the gating rate to the interburst in the absence

of ATP at �80 mV and then determined the subunit

stoichiometry by its spermine sensitivity. The mean burst

times of channels with differing T171:171A subunit ratios

varied exponentially, as shown in 1. Accordingly, one, two,

or three slow 171A subunits in an otherwise wild-type

channel dramatically increased the mean burst time, by over

twofold, 12-fold, and 28-fold, respectively, where the mean

FIGURE 3 Closed time distributions of 171 substitutions show nearly

complete loss of long-lived interburst closed times, with little or no effect on

the short-lived intraburst closed times. The dashed line indicates the value of

the wild-type mean long-lived closed time of 15.7 ms in each of the duration

histograms. Note that the relatively few long-lived closed events are

consistent with but cannot differentiate between the 171 substitutions either

greatly slowing gate closure or dramatically disrupting its shut state stability.

One Inhibition Gate in the KATP Channel 2105
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burst time of homotetrameric mutant channels was increased

by over 40-fold, compared to wild type. Independent models

predict that one, two, or three slow 171A subunits in an

otherwise wild-type channel would only modestly increase

the mean burst times, by 1.4-fold, twofold, and fourfold.

Initially we used spermine sensitivity to place the 96 single

channels recorded into the five slow/fast subunit stoichio-

metry classes, as mentioned. By simple inspection and

k-means clustering analysis (Hartigan and Wong, 1979), we

later found that the burst time means alone can be used to

place the channels into the correct stoichiometry classes.

Fig. 6 summarizes the mean burst time data, together with

predicted values from concerted and independent gating

models. The concerted model is represented by the dashed

line going straight through the experimental data in the

semilog plot. The independent model is represented by the

lower dashed line falling below the experimental data. The

mean burst times are grouped according to subunit

stoichiometry. Within each slow/fast subunit stoichiometry

class the mean burst times are shown as box plots. The mean

burst times increase exponentially with increasing slow/fast

subunit stoichiometry. The gating kinetics therefore fit the

concerted model predictions and fail to fit independent

models. The results indicate a single gate that works by

a highly cooperative mechanism involving all four subunits.

DISCUSSION

Threonine at 171 of Kir6.2 is indispensable for
wild-type ATP inhibition

All four substitutions that express at position 171 of Kir6.2

dramatically decreased ATP-dependent and ligand-indepen-

dent gating. Thus, no other residue substituted well,

suggesting that threonine at position 171 of Kir6.2 plays a

unique role in closure of the KATP channel gate. Even the

most highly related serine substitution resulted in a 55-fold

increase in Ki,ATP and 37-fold slowing of ligand-independent

gating. The result suggests that proper closure of the

cytoplasmic gate requires the methyl group of threonine

directly in steric and hydrophobic interactions or indirectly

by positioning its hydroxyl or carbonyl moiety for elec-

trostatic interactions.

Concerted action of all four Kir6.2 subunits in
one inhibition gate

Our approach was to collect hundreds of burst times for each

single-channel record, fit them to exponentials where the

time constant is equal to the duration mean, and then

determine the spermine sensitivity of the channel. We then

grouped the duration mean of each channel according to its

FIGURE 4 The N160D subunit marker of strong spermine block only slightly slows gating to the inactive interburst. (A) Single-channel record of

a representative Kir6.2DC26/160D channel. (B) Duration histogram of the burst times shows the relatively mild effect of the 160D mutation on gating. (C)

Single-channel record of a representative Kir6.2DC26/171A/160D double mutant channel. (D) Duration histogram of the burst times shows a dramatic increase

in the burst times of the Kir6.2DC26/171A/160D double mutant channel. The slowing of gating by all our T171 mutations, as shown here by 171A, is dramatic

compared to that of 160D. In these experiments, both the 160D and 171A mutations were in all four subunits. The effect of T171A predominantly determines

both Ki,ATP and burst to interburst gating rates in the channels.
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spermine sensitivity into the five slow/fast subunit stoichi-

ometry classes. As we began to analyze our results, however,

we noticed that the mean burst duration values themselves

were clustering into the same groups determined by

spermine sensitivity. We confirmed using k-means clustering

statistics that the burst duration means alone can also be used

to identify subunit stoichiometry. The ability to classify

the channels by the duration means likely results from

a combination of properties including the dramatic slowing

of the gating rate by the 171A mutation, the concerted nature

of the gating mechanism, and the population sampling

afforded by hundreds of burst events fitted for each duration

mean. Because the burst to interburst gating transition is

speeded by ATP binding, and the interburst to burst gating

transition is slowed by bound ATP, the concerted confor-

mational change likely underlies KATP channel inhibi-

tion gating by ATP. Moreover, the T171X mutations

dramatically slow the burst to interburst gating transitions

and increase Ki,ATP.

The 171 region as part of the cytoplasmic gate
of the KATP channel

Mutations from positions 160–171 in Kir6.2 so far have the

most dramatic disruptions in the burst-interburst gating.

Mutations at residues 171 (Drain et al., 1998; Tucker et al.,

1998) and 166 (Trapp et al., 1998) dramatically disrupt both

ATP-dependent and ATP-independent gating from the burst

to the interburst. Mutations at 160 have by comparison mild

(\fivefold) but significant effects on both ATP-dependent

gating, as shown previously (Shyng et al., 1997a), and ATP-

independent gating, as shown here. Evidently, mutation of

successive positions from the middle of M2 to its cyto-

plasmic end results in increasingly greater disruption of the

gating (Loussouarn et al., 2000, 2001). These results taken

together suggest that the 171 region or cytoplasmic half of

the inner helix of Kir6.2 plays a major role in the closure of

a cytoplasmic inhibition gate. The main chain at position

T171 likely lines the pore and could participate in pore

FIGURE 5 Representative single-channel currents

and outward current block by spermine. Stoichiometry

of mutant/wild-type (160D/171A:N160/T171) sub-

units was determined by the distribution of open

probability with and without 100-uM spermine at

different mutant to wild-type cRNA ratios. Note that

sensitivity to outward current block by intracellular

spermine increases with the number of mutant

subunits, due to the presence of the 160D mutation.

In the presence of spermine, sensitivities were found

that correlated with experiments using a known 0:4

subunit ratio (only mutant cRNA injected, completely

blocked) and known 4:0 subunit ratio (only wild-type

cRNA injected, little or no block). Three major

sensitivities between these extremes were also found,

consistent with their being from channels 1:3, 2:2, and

3:1 subunit ratios. Only the 0:4, 2:2, and 4:0 subunit

single-channel currents are shown.
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occlusion, whereas the side chain likely points away from the

pore and could couple the gate to ATP-bound cytoplasmic

C-terminal domains. Such highly specialized roles are

consistent with no other residue, not even serine, substituting

well for threonine at this position.

Linkage and ATP binding domains in the
cytoplasmic C-terminus of Kir6.2

The mutations of Kir6.2, more distal than 171A in the

cytoplasmic C-terminus, dramatically alter ATP-dependent

gating but have little or no effect on ligand-independent

gating. The results suggest that the more distal C-terminal

segments do not play a direct role in gate closure of the KATP

channel but rather function in ATP binding or its linkage to

gate closure. The distal mutations so far cluster into the 182

(Li et al., 2000), 185 (Tucker et al., 1997, 1998), 201 (Ribalet

et al., 2003), and 334 (Drain et al., 1998) regions of Kir6.2.

Mutations at each of these positions can disrupt ATP-

dependent gating by 100-fold or more and yet can have no

detectable change in the ATP-independent gating transitions.

Positively charged substitutions at 182, occasionally, can

dramatically alter ATP-independent gating kinetics, which

suggests that the 182 region at least when positively charged

can link conditionally to the inhibition gate of the KATP

channel (Li et al., 2000). The neighboring 185 region of

Kir6.2 plays a role in the ATP site rather than the inhibition

gate of the KATP channel (Tucker et al., 1997, 1998; Tanabe

et al., 1999, 2000). Mutations in the 334 region also

profoundly disrupt ATP-dependent gating with no change

in ligand-independent gating (Drain et al., 1998). The 334

region includes an ATP binding site motif found in P-type

ATPases (McIntosh et al., 1996), which is supported by

molecular modeling of the inhibitory ATP site of Kir6.2

(Trapp et al., 2003).

Four independent ATP sites and one inhibition
gate that opens and closes by the concerted
action of four Kir6.2 subunits

Additional results on the 334 region have shown that this

distal region of each Kir6.2 subunit likely forms one

independent ATP site per subunit (Drain et al., 1998,

2001; Li et al., 1999; Markworth et al., 2000). Four ATP

sites, each working independently in its subunit, contrasts

sharply with the one single inhibition gate working by the

highly cooperative action of all four subunits shown here.

Fig. 7 depicts the concerted movements of the inhibition gate

of the KATP channel in the cytoplasmic half of the inner helix

lining the transmembrane pore. The structural model is based

FIGURE 6 Exponential distribution of mean burst times with increasing

slow/fast subunit ratio. Mean burst time data are shown as box plots on

a semilog scale. For each box plot, the central shaded box shows the middle

half of the data between the 25th and 75th percentiles. The horizontal within

the box indicates the median of the data. The whiskers indicate the remainder

of the data. The straight dashed line represents the concerted model

predictions, whereas the curved dashed lines represent the independent

model predictions on the semilog plot.

TABLE 1 Mean burst times of single channels from coinjection

of 1:1 slow/fast subunit cRNAs

4 fast 1 slow:3 fast 2 slow:2 fast 3 slow:1 fast 4 slow

1.6 4.7 12.3 28.1 80.1

2.3 4.5 13.1 22.8 61.8

2.1 3.8 12.1 32.1 77.2

1.8 4.3 11.5 23.5 84.3

2.2 4.9 12.9 29.1 102.0

2.4 4.3 13.8 26.0

4.8 13.4 45.2

5.0 11.8 25.5

4.5 10.9 26.1

3.9 11.9 33.0

4.9 11.9 35.8

3.7 13.0 41.1

3.3 12.1 37.2

5.1 13.9 31.2

4.8 12.2 31.0

5.6 14.1 26.2

4.8 11.4 23.1

5.7 10.9 21.3

4.9 11.3 22.5

5.9 12.7 24.7

6.2 9.1 20.4

5.2 10.5 21.6

4.0 14.3 30.1

4.8 13.3 28.2

5.6 12.6

5.3 12.3

10.8

15.3

2.0 6 0.12 4.8 6 0.3 12.4 28.5 6 1.81 80.8 6 6.4

11.6

11.8

9.9

13.0

12.6

10.0

12.2 6 0.67

All values are in milliseconds. ‘‘Fast’’ designates the Kir6.2DC26/T171

wild-type subunit. ‘‘Slow’’ designates the Kir6.2DC26/171A mutant sub-

unit. At the bottom of each column of values is the mean of means 6 SE.

Each mean of means is significantly different from each of the other mean

of means, P\ 0.001.
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on the crystal structures of the bacterial inward rectifier

potassium channels, KcsA (Doyle et al., 1998), MthK (Jiang

et al., 2002a,b), KirBac1.1 (Kuo et al., 2003), and the mouse

Kir3.1 channels (Nishida and MacKinnon, 2002). The

crystallized region of Kir3.1 has nearly 50% identity with

the cytoplasmic C-terminus of Kir6.2, which includes the

182, 185, and 334 regions. The high degree of identity

suggests that, with few exceptions, secondary and tertiary

structures will be tightly conserved between the C-termini of

the two proteins. In the upper panel, the concerted action of

the four inner helices of the Kir6.2 subunits is depicted,

where in one step the four T171 (green) residues in a sin-

gle step move together at the cytoplasmic mouth of the

transmembrane pore to obstruct K1 ion flow (see below). In

the lower panel, a membrane cross sectional view is

depicted, where only two opposing subunits of the four are

shown. In the model, the single inhibition gate involving the

T171 residues is immediately above the four cytoplasmic

ATP sites, likely formed by the 182, 185, and 334 regions of

the cytoplasmic C-terminal domains, as discussed above.

The model suggests that linkage between the transmembrane

pore domain and the cytoplasmic ATP sites might involve

direct interactions between the domains.

Coupling four independent sites and one
concerted inhibition gate

Given the finding of four independent inhibitory ATP sites,

we were surprised to find a single gate that works by a co-

operative mechanism involving all four subunits. The simpler

model, in which each Kir6.2 subunit acts independently with

its own gate coupled to its own ATP site, however, is

excluded by the results reported here. Tenable models of

inhibition gating of the KATP channel by ATP must now

accommodate the curious coupling of four independent sites

and a single gate arising from the concerted action of all four

Kir6.2 subunits.

The conformational coupling between ATP binding within

the cytoplasmic domain and gate closure within the trans-

membrane pore domain of each Kir6.2 subunit exhibits the

properties of ligand-dependence and nonreciprocity. Pre-

viously, we proposed ligand-dependent linkage as a condi-

tional linkage mechanism coupling ATP binding and gating

domains of Kir6.2 to account for the effect of mutations in the

cytoplasmic ATP binding domains of the subunit (Li et al.,

2000). Ligand-dependent linkage also explains how the single

inhibition gate operating by the concerted action of all four

Kir6.2 subunits shown here can be controlled by ligand

binding to any of four independent ATP sites. We propose

a combined linkage and gating mechanism, in which the

concerted tertiary conformational changes of the four gating

domains cannot conformationally couple to unoccupied ATP

site domains. In our model, ATP occupancy initiates

a conformational change at the site that obligatorily couples

to inhibition gate closure, but inhibition gate closure does not,

in turn, initiate a conformational change that couples to the

high affinity conformation of unoccupied sites.Otherwise, the

ATP sites would be expected to exhibit cooperativity by

reciprocal linkage to the gating domains,which is inconsistent

with theHill coefficient;1 for pancreaticKATP channels (Qin

et al., 1989; Nichols et al., 1991; Markworth et al., 2000). In

the pancreatic KATP channel, unoccupied sites evidently

remain uncoupled from the cytoplasmic gate regardless of its

open or closed state, whereas ATP binding at any of its in-

tracellular sites always induces the ligand-dependent linkage

mechanism that conformationally couples the binding to

inhibition gate closure.

Concerted action of pore-forming subunits in
cytoplasmic gate for all K channels

Concerted mechanisms, similar to the one identified here by

using the 171A mutation in Kir6.2 of the KATP channel, have

been previously identified and well studied in voltage-

dependent Kv channels (Zagotta et al., 1994a,b; Schoppa and

Sigworth, 1998a,b) where there is incisive support for an

FIGURE 7 Concerted action of all four Kir6.2 subunits underlies burst

gate closure. (A) The view from the cytoplasm depicts one-step occlusion of

the pore. The gating results from highly cooperative tertiary conformational

changes involving T171 determinants (green) at the cytoplasmic end of the

inner helix of each subunit. (B) The membrane cross sectional view depicts

the topological relation between T171 residues (green) and the candidate

inhibitory ATP site residues I182, K185, R201, and G334 (red). Only two

subunits are shown in the panel for clarity. Occupancy of one of the ATP

sites of the cytoplasmic C-terminal domain of a single Kir6.2 subunit can

cause concerted conformational changes in all four Kir6.2 subunits, to shut

the intracellular M2 burst gate. Conformational changes accompanying ATP

binding to any one of the four subunits are independent, and yet each

independent conformational change is coupled to a concerted conforma-

tional change in which all four subunits act to close the intracellular M2 burst

gate. The closed gating conformation of each subunit, however, does not

couple to its site unless it is occupied by ATP. This ligand-dependent

linkage, coupling conformations of occupied ATP site and closed

intracellular M2 burst gate, loosens the constraint that conformational

changes at the gate, and conformational changes at the site, always exhibit

tight reciprocity, which explains much of what is known about ATP-

dependent inhibition gating of the KATP channel.
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intracellular gate at the entrance of the inner vestibule that

likely opens and closes at the S6 bundle crossing

(Armstrong, 1966, 1975; del Camino et al., 2000; del

Camino and Yellen, 2001; Holmgren et al., 1997, 1998; Liu

et al., 1997; Hackos et al., 2002; Lu et al., 2002). Although

the conformational changes involving the S4 voltage sensor

in Kv channels are steeply voltage dependent, the final

opening and closing transitions are largely voltage in-

dependent (Ledwell and Aldrich, 1999) consistent with the

S6 bundle crossing gate being largely outside the membrane

electric field. For the KATP channel, cysteine modification

experiments like those to study Kv channels have provided

evidence for gated access of methanethiosulfonate-2-amino-

ethyl (MTSEA) and methanethiosulfonate-ethyltrimethyl-

ammonium (MTSET) to the inner vestibule of Kir6.2

(Phillips et al., 2003). Additional results using cysteine

modification and homology modeling are consistent with an

ATP-sensitive inhibition gate of the KATP channel at the

cytoplasmic end of the transmembrane pore, where F168

residues are at the point of closest approach, with T171 one

helical turn immediately below, lining the pore (Capener

et al., 2000; Loussouarn et al., 2000, 2001).

Other results, however, suggest that the inhibition gate

might be nearer the filter at the extracellular end of the

transmembrane pore (Proks et al., 2003, 2001; Xiao et al.,

2003). We emphasize that the burst-interburst gating in-

volving T171 is ATP dependent but voltage independent,

whereas the intraburst gating between the open and fast

closed state is voltage dependent and ATP independent (Fan

and Makielski, 1999; Proks et al., 2001). This fits with T171

residues being outside the membrane electric field where

they move in concert to open and close the KATP channel

independent of voltage. The separable properties of the ATP-

dependent burst gating and the voltage-dependent intraburst

gating, together with the location of the filter within and

T171 outside the membrane electric field, suggest that the

two classes of gating mechanisms largely operate on two

distinct gates. We therefore favor the T171 residues at a

position either physically part of the inhibition gate closure

point at the cytoplasmic mouth or allosterically required for

its formation at or below the nearby bundle crossing. It

remains possible that the concerted T171 movements are

strictly coupled to a physical closure of the gate at the

extracellular filter of the KATP channel (cf. Alagem et al.,

2003) that somehow does not involve charge or dipole

movements for ATP-dependent gating. Although more

direct physical measurements are needed to define the exact

part of Kir6.2 that forms the closure point of the ATP-

sensitive gate, the results reported here indicate that the KATP

channel has one inhibition gate and its movements require

the concerted action of all four T171 regions of Kir6.2.
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